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FOREWORD 


This  final  technical  report  covers  development  work  per- 
formed under  Contract  No.  DAAK02 -7 1-0-0026  with  the  U.S. 
Army  Mobility  Equipment  Research  and  Development  Center, 
Fort  Belvoir,  Virginia.  The  work  was  performed  by  the 
Power  Generation  and  Propulsion  Laboratory  in  the  Research 
and  Development  Center  of  the  General  Electric  Company  in 
Schenectady,  New  York.  The  work  described  herein  covers 
the  period  from  January  1971  to  October  1975. 

The  program  was  under  the  direction  of  Dr.  L.I.  Amstutz, 
of  the  Mobility  Equipment  Research  and  Development  Center; 
this  report  was  submitted  in  October  1975. 

The  General  Electric  Program  Manager  wa*  Dr.  R.IL 
Fleming. 

The  principal  contributors  to  this  program  were: 

R.B.  Fleming 
D.B.  Colyer 
R.K.  Terbueh 
B.  B.  Gamble 
W.R.  Oney 
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Section  1 
SUMMARY 


The  work  described  in  this  report  was  undertaken  to  advance  the  develop- 
ment of  miniature  cryogenic  refrigerators  that  have  high  reliability,  long 
life,  minimum  maintenance  requirements,  and  no  mechanical  vibration. 

The  type  of  system  investigated  utilized  the  Claude  cycle  for  the  production 
of  refrigeration  at  4,  4 K.  Temperatures  at  this  level  are  suitable  for 
numerous  applications  of  superconductivity. 

A distinguishing  feature  of  the  equipment  under  development  is  the  UBe 
of  high-speed  dynamic  compressors  and  turboalternators,  in  which  all  ro- 
tating parts  are  suspended  on  self-ncting  gas  bearings.  Such  a system 
avoids  sliding  coni  act  and  v/ear  during  operation  and  avoids  the  contamination 
problems  associated  with  oil  lubricated  compressors  used  In  conventional 
cryogenic  refrigerators. 

The  work  described  in  this  report  was  directed  finally  to  the  development 
of  a system  consisting  of  three  cryogenic  turboalternators,  six  helium  cen- 
trifugal compressor  stages,  and  a cryogenic  heat  exchanger  with  seven  heat 
exchanger  modules.  Work  was  limited  to  the  turboalternators  and  heat  ex- 
changers. A cryogenic  turbonit ornat or  was  developed  and  successfully 
tested  to  temperatures  in  the  range  of  80°  to  10O°K.  In  a parallel  contract, 
a similar  turboaliernator  was  tested,  with  no  load,  at  a temperature  of 
9.  8°K, 

The  contract,  effort  fell  short  of  its  goals  because  of  difficulties  encountered 
by  a vendor  in  the  construction  of  the  heat,  exchanger  assembly.  The  heat  ex- 
changer was  designed  and  constructed  using  a novel  approach  that  promised 
a significant  advance  in  the  technology  of  cryogenic  heat  exchangers  unci  a 
sizable  reduction  in  size  and  weight.  However,  it  was  found  unexpectedly 
that  not  all  development  problems  had  been  solved  before  construction  began, 
and  after  a two  year  delay  in  del  ivory,  the  heat  exchanger  was  found  to  be 
unusable  for  its  intended  function. 

The  work  reported  on  the  turboalternulor  represents  an  advance  in  the 
technology  of  cryogenic  refrigeration.  It  is  expected  that  heat  exchanger 
development  problems  can  be  solved  with  further  effort. 
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INTRODUCTION 


The  application  of  superconductivity  has  been  considered  to  reduce  the 
size  and  weight  of  several  types  of  electrical  equipment.  Since  supercon- 
ductivity requires  temperatures  in  the  range  of  4°  to  10°K,  cryogenic  refrig- 
eration must  be  provided.  A reduction  In  the  overall  electrical  system  size 
and  weight  can  be  realized  only  if  the  size  and  weight  of  the  refrigerator  is 
sufficiently  small.  At  present,  there  is  a need  to  reduce  the  size,  weight, 
and  maintenance  requirements  of  cryogenic  refrigerators,  and  to  improve 
their  reliability.  With  such  advancements,  the  promise  of  superconducting 
apparatus  and  other  cryogenic  devices  can  be  realized. 

OBJECTIVE 


The  objective  of  this  contract  was  to  advance  the  development  of  high- 
reliability,  maintenance-free,  cryogenic  refrigerators.  This  advancement 
was  to  be  accomplished  by  the  design,  construction,  and  oxpei  im’ntal  evalua- 
tion of  a 4.  4°K  refrigerator,  based  upon  the  Claude  cycle  principle,  utilizing 
high-speed  compressors  and  turboalternators  with  nil  rotating  parts  suspended 
on  gas-lubricated  bearings. 

The  tasks  that  were  originally  to  be  accomplished  under  this  contract: 
are  outlined  in  the  following  four  line  items! 

Line  Items  0001  and  0002 

• Conduct  refrigerator  cycle  studies. 

• Design,  construct,  and  test  10°K  turboalternator. 

• Design,  construct,  and  tes*  transformer-rectifier. 

• Assemble  and  test  80°K  refrigerator  (two-stage  reversed 
Bruy  ton  cycle). 

Line  Items  0003  and  0004 

• Design,  construct,  and  test,  two  regenerative  motor-compressors 
for  the  first  and  second  stages  of  a three-stage  system. 

• Design,  construct,  and  tost  two  power  conditioners  and  transformer- 
rectifiers  for  the  two  now  motor  compressors. 

• Modify  10°K  and  80'’K  turboalternators  to  satisfy  both  the  Interim 
and  final  4.4°K  refrigerator  specifications. 

• Design,  construct,  and  test  a 4.4^K  interim  refrigerator  using 
positive  displacement  compressors. 

Preceding  pace  blank 
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• Construct  a final  4.  4°K  refrigerator  by  replacing  positive  displace- 
ment compressors  with  three  single-stage  dynamic  compressors. 

As  the  work  progressed,  these  original  tasks  were  modified,  as  will  be 
described  in  the  following  paragraphs. 

BACKGROUND 

The  present  contract  was  preceded  by  an  earlier  Mobility  Equipment 
Research  and  Development  Center  (MERDC)  contract  (No,  DAAK02-68-C-0320), 
and  was  conducted  in  parallel  with  an  Air  Force  contract  (No.  F33018-71-C- 
1003).  The  technology  and  some  parts  and  equipment  from  both  these  con- 
tracts were  utilized  in  the  present  contract.  In  this  report,  references  will 
be  made  to  reports  from  these  other  contracts  (Refa.  1 through  5). 

As  the  present  contract  was  originally  constituted,  the  system  was  to 
have  included  three  helium  regenerative  compressor  stages,  two  turboal- 
ternators, and  a set  of  five  cryogenic  heat  exchangers.  Of  these  components, 
one  compressor  stage  and  one  turboalternator  were  to  have  been  made  avail- 
able as  Government  furnished  equipment  from  previous  MERDC  contracts. 

The  set  of  heat  exchangers  were  to  have  been  obtained  from  a previous  General 
Electric  funded  development  program.  The  refrigeration  capacity  using  these 
components  had  previously  been  estimated  to  be  between  1 and  2 watts  at  4.  4°K. 

When  detailed  cycle  studies  were  performed  early  in  this  program,  it  was 
found  that  the  system  then  being  considered  would  produce  only  a fraction  of 
one  watt.  In  order  to  increase  the  probability  of  reaching  the  required  tem- 
perature of  4.  4°K,  it  was  considered  necensary  to  construct  a syatem  with 
higher  refrigeration  capacity  as  its  design  goal. 

A number  of  system  changes  were  considered  to  improve  capacity,  such 
as; 


• additional  regenerative  compressor  stages 

• positive  displacement  compressors  for  higher  pressure  ratios 
e heat  exchangers  with  higher  effectiveness 

e different  cycle  arrangements 

During  the  time  these  systems  investigations  were  being  carried  out,  all 
work  on  the  contract  was  stopped  except  for  cycle  studies.  A stop  work  order 
was  in  effect  from  31  March  1 D7 1 to  l November  1071. 

After  consideration  of  a number  of  alternatives,  the  final  system  selected 
had  a larger  refrigeration  capacity  (3  watts  at  4.4°K),  six  centrifugal  compres- 
sor stages  (instead  of  three  regenerative  compressor  stages),  and  three  turbo- 
alternators (instead  of  two). 
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Lute  in  1H73,  !V1KRI)C  decided  to  out  hack  on  tho  scope  of  the  contract, 
and  to  eliminate  most  of  ihe  work  in  Dine  Items  0003  and  0004,  In  December 
1973,  the  contract  was  modified  to  cover  just  the  following  tasks: 

• Conduct  refrigerator  cycle  studies, 

• Design,  construct.,  and  test  a 10nK  turboalternator. 

• Design  and  construct  a cryosection  consisting  of  a set  of  heat  ex- 
changers, a .Joule-Thomson  loop,  a vacuum  vessel  for  thermal  in- 
sulation, and  necessary  piping  anti  instrumentation. 

• Test,  the  turboalternator  and  the  Joule -Thomson  loop  at  final  oper- 
ating temperatures,  using  liquid  nitrogen  for  precooling,  and  a 
positive  displacement  compressor. 

The  heat  exchanger  described  in  Section  5 was  designed  and  constructed 
by  a vendor  who  used  a novel  approach  for  design  and  construction.  Unfor- 
tunately, not  all  the  development  problems  had  been  worked  uul  prior  to  con- 
struction, and  a number  of  unexpected  difficulties  were  encountered  by  the 
vendor  during  construction.  Tho  exchanger  wa s delivered  almost  two  years 
late,  and  upon  testing,  it  was  found  that  the  thermal  effectiveness  was  too  low 
to  permit  cooldown  and  test  of  the  l urban  lternnl nr  near  its  design  temperature. 

ACCOMPLISHMENTS 

Tho  work  described  In  this  report  advanced  the  development  of  cryogenic 
refrigeration  systems  using  miniature  high-speed  I urbonlte motors  with  self- 
anting  gas  ben  rings. 

Designs  were  derived  for  systems  Hud  tended  toward  minimum  weight  and 
input  power,  within  certain  consl  mint  s of  component  sizes  and  refrigeration 
capacity,  System  designs  are  described  under  Section  3,  "Refrigeration 
System.  " 


A I urboaltornatur  wus  const  rut  ted  nod  was  tested  at  temperatures  in  the 
range  of  110°  to  10(T'K.  Ivxlonslve  measurements  of  performance  parameters 
were  made  at  thus-  temperatures, 

Tn  determine  the  behavior  of  the  lurboaltcrnator  at  even  lower  temper- 
atures, u unii  was  constructed  using  the  Identical  parts  that  were  tested  under 
the  MEKDC  contract,  with  the  exception  of  the  turbine  nozzle  and  the  alter- 
nator. Tills  unit  was  tested  under  a program  sponsored  by  the  Advanced 
Research  Projects  Agency  to  a temperature  of  !>,  8°K  (possibly  the  lowest 
temperature  at  which  a turboalternator  with  self-acting  gas  bearings  had 
been  tested).  Details  of  turboalternator  construction  and  testing  are  given 
in  Section  4,  "Turhoulternator,  " 

The  cryogenic  heal  exchanger  de \ eh  ipmoiit  was  not  fully  completed  tinder 
this  contract.  However,  a number  of  design  and  const  ruH  ion  advances  were 
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made  toward  the  development  of  a cryogenic  heat  exchanger  that  has  the 
potential  of  sizable  reductions  in  size,  weight,  and  cost,  compared  with 
presently  available  heat  exchangers,  Details  of  the  heat  exchanger  develop 
ment  are  given  in  Section  5,  ’'Cryogenic  Heat  Exchangers. " 
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Section  3 

REFRIGERATION  SYSTEM 


SYSTEM  DESCRIPTION 

ORIGINAL  SYSTEM 


As  discussed  in  Section  2,  "introduction,"  the  original  system  that  was 
to  be  constructed  under  the  contract  consisted  of  three  regenerative  com* 
preseor  stages,  two  turboalternatnrs,  and  a set  of  five  cryogenic  heat  ex- 
changers. The  detailed  cycle  analysis  conducted  early  in  the  program  showed 
that  the  refrigeration  capacity  at  4.4°K  was  only  a fraction  of  one  watt,  rather 
than  the  1 to  2 watts  that  had  been  estimated  in  earlier,  less  precise  calcula- 
tions. With  a predicted  capacity  of  only  a fraction  of  one  watt,  the  risk  of  not 
being  able  to  reach  the  dealred  temperature  of  4,  4°K  was  considered  too  high. 
Therefore,  means  to  achieve  higher  capacities,  uaing  as  many  already  avail- 
able components  as  possible,  were  sought.  Some  of  the  alternatives  that 
were  considered  are  discussed  In  the  following  paragraphs. 

SYSTEMS  CONSIDERED 


Positive  Displacement  Compressor 

One  means  of  Increasing  the  refrigeration  capacity  is  to  increase  the 
pressure  ratio  of  the  compressor.  The  addition  of  more  regenerative  com- 
pressor stages  was  considered  to  be  too  costly;  therefore,  positive  displace- 
ment compressors  were  considered.  The  compressors  had  to  be  noncon- 
taminating, small,  and  lightweight,  MERDC  personnel  carried  out  this  in- 
vestigation. in  their  search,  no  positive  displacement  compressors  were 
found  that  were  compatible  with  the  system  goals  of  small  size  and  light 
we  ight. 

Hybrid  Cycle 

During  the  Investigation  of  positive  displacement  compressors,  a cycle 
that  takes  advantage  of  higher  pressure  ratios  was  considered.  The  Claude 
cycle  results  showed  that  higher  pressure  ratios  benefited  the  cycle  perfor- 
mance because  of  higher  Joule-Thomson  coefficients,  but  at  the  expense  of 
degraded  turbine  performance.  A hybrid  cycle  (Figure  l)  was  considered  in 
an  attempt  to  overcome  this  problem.  Each  of  the  compressors  shown  is 
assumed  to  be  a single-stage,  positive  displacement  compressor.  This  cycle 
is  a combination  of  a two- stage  reversed  Drayton  cycle  and  a .loule -Thomson 
cycle. 
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Figure  1.  Hybrid- Cycle  System 

(Schematic  Diagram) 

In  the  analysis,  the  pressure  levels  were  first  established  arbitrarily: 

• Compressor  suction  --1,2  atm 
e Intermediate  --  2,8  atm 

• Compressor  discharge  --  5,0  atm 
Heat-exchanger  pressure  drops  were  ignored. 

Next,  the  flow  rate  through  the  Joule-Thomaon  loop  was  calculated  to  br 
2. 14  g/sec,  to  produce  the  required  5-watt  refrigeration  capacity  at  4,4"K. 
Next,  the  heat  that  must  be  removed  from  the  .loulc -Thomson  loop  at  the  16PK 
cooling  station  was  calculated  to  be  16,0  watts,  The  corresponding  heat  load 
at  the  75°K  level  was  38,0  watts,  A summary  of  heat  loads  is  given  in  Table  1, 

Next,  a computer  cycle  calculation  was  carried  out  for  a reversed  Bray- 
ton-cycle  system  with  the  total  heal  loads  given  in  Table  2.  The  flow  rate  for 
the  reversed  Brayton  cycle  was  11,7  g/sec,  giving  a total  flow  rate  in  the 
first-stage  compressor  of  2,14  plus  11.7,  or  13.8  g/sec. 
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Table  t 


(®K) 

4.4 

18.0 

75.0 


W * — - 

Capacity 
(watt  a) 


5.0 

10.0 

20.0 


Total  L.ood 

oule  -Thomson 

on  Reversed 

Load 

Brayton  Cycle 

(watts) 

(watts) 

18.0 

26.0 

36.0 

56.0 

i- 

The  power  inputs  were. 


Stage 

kw 

First 

12.  4 

Second 

1.8 

Total 

14.0 

..  .bout  ,eve„  percent  lower  than  the  power  tor  an 
This  input  power  ia  ab°ut  #ev  p 
equivalent  Claude  cycle. 

Split  Cycle  m cycle, " is  shown 

Another  cycle  variation  that  was  oonftdered^  ^ ;bov,.  However.  In 
o qvstem  la  similar  to  y , r *ug  avatem  ore  en 

1 pit”  ycle.  the  refrigerant  fluid,  in  'h' ^"^^vereed'  Brayton  and  the 
the  apm  cy  • communication  between  u exchangers. 

^r?£r.5CSl^  -t£.  reversed  Brayton  cycie. 

gysieui  ...ra4  the  com* 

There  are  several  advantage,,  of  ^^ovidM  the* motive  force  for  dr- 
. wup  joule -Thom son  system  p ‘ nrimarv  heut  load. 

culling  the  helium  through ^ Lueate^a^d  w?rc  reliable  than  the  use  of  a 

”vr  ssfi  f «s“  “» « *•** 

Another  advantage  is  that  the  h.U^  ^gh’pt"  High 
system  can  be  completely  seabed  an  of  the  av(Aem  because  of  the  dose 

nurtty  Is  particularly  needed  in  t P d rechargtng  helium  in  th 

gSrtS  ZKS charge  of  the  reversed  Hr •>- 

evcle. 
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Figure  2.  Split-Cycle  System  (Schematic  Diagram) 


A further  advantage  is  that  the  turbomachinery  of  the  reversed  Brayton 
cycle  is  compatible  with  low  pressures,  high  volume  flow  rates,  and  low  pres- 
sure ratios.  In  contrast,  the  Joula-Thomson  cycle  requires  high  pressure- 
ratios  and  only  small  volume-flow  rates;  these  requirements  are  more  com- 
patible with  positive  displacement  compressors.  The  optimum  system  may, 
therefore,  consist  of  turbneompressors  in  the  reversed  Brayton  cycle  and 
positive  displacement  compressors  in  the  Joule -Thomson  cycle. 

It  was  concluded  that  neither  the  split  cycle  nor  the  hybrid  cycle  would  be 
suitable  because  of  the  unavailability  of  satisfactory  positive  displacement 
compressors  and  because  of  the  extra  weight  and  size  associated  with  addi- 
tional compressor  stages. 

FINAL  SYSTEM  SELECTION 


After  investigation  of  systems  with  S-  lo  10- watt  capacity,  it  was  con- 
cluded that  contract  goals  could  be  met  best  with  a Claude  cycle  system  of 
3-watt  capacity  at  4.4,K.  Instead  of  the  original  three  regenerative  com- 
pressor stages,  the  compressor  selected  has  six  centrifugal  compressor 
stages.  Two  centrifugal  stages  are  mounted  on  a single  shaft,  one  on  either 
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aide  of  the  drive  motor.  There  will,  therefore,  lie  three  compressor  modules, 
with  two  compressor  stages  per  module.  The  centrifugal  compressors  were 
chosen  in  place  of  the  regenerative  compressors  because,  in  larger  sizes, 
centrifugal  compressors  are  much  more  efficient  than  regenerative  compressors 

In  place  of  the  original  two  turboalternators,  there  are  three.  The  num- 
ber of  turboalternators  had  to  be  increased  to  three  in  order  to  increase  sys- 
tem capacity  without  resorting  to  a larger  turboulternator  frame  size. 

The  heat  exchanger  selected  consists  of  seven  heat  exchanger  modules. 

A schematic  diagram  of  the  final  system  selected,  based  on  computer 
Run  470,  is  given  in  Figure  U.  Details  of  the  system  analysis,  and  the  basis 
for  the  final  system  selection,  are  given  below  under  "Cycle  Analysis." 
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Figure  1.  Cltiurlp-Cvele  Svsimv  (Schematic 
Diagram  --  Corresponds  to  Com- 
puter Run  I"!') 
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CYCLE  ANALYSIS 

COMPUTER  PROGRAM 


The  computer  program,  "REFRIG,"  that  was  U8ed  for  cycle  analysts,  is 
described  in  detail  by  D.  B.  Colye r et  al.  (Ref.  3,  Vol.  1,  pp.  9-28). 

SYSTEM  DESIGN  CRITERIA 

The  principal  design  criteria  were  reliability  and  total  system  weight 
and  size.  Other  criteria  were  cost  and  input  power. 

The  goals  for  total  system  weight  (not  including  dewar  or  interface  with 
the  system  to  be  cooled)  were; 

• For  n 5-wntt  capacity  at  4.  4°K,  the  goal  was  400  pounds  or  less, 
s For  n 10- watt  capacity  at  4.4°K,  the  goal  was  500  pounds  or  less, 

For  design,  the  maximum  heat-exchanger  effectiveness  was  set  at  08,  5 
percent,  a conservative  design  goal  giving  reasonable  assurance  that  the  per- 
formance could  be  achieved. 

The  centrifugal  compressor  impeller  tip  speed  was  set  at  less  than  520 
m/eec  (1700  ft/sec). 

The  compressor  suction  pressure  was  set  at  above  one  atmosphere. 

At  the  time  the  cycle  studies  were  being  made,  there  were  two  turbo- 
alternator frame  sizes  being  designed  under  contract  with  the  Air  Force 
(Ref.  3),  (The  "small"  and  "large"  turboalternatnr  frame  sizes  in  this  sec- 
tion refer  to  these  Air  Force  sizes. ) It  was  desired  to  design  the  MERDC 
turboalternator  to  the  small  frame  size,  which  is  the  size  previously  designed 
and  constructed  for  MERDC  (Ref.  2),  It  was  believed  the  development  risk 
would  be  higher  with  the  large  frame  size. 

SYSTEM  WEIGHT 


A complete  analysis  of  system  weight  was  impossible  without  knowing  the 
exact  system  design.  However,  an  approximate  weight  calculation  was  de- 
veloped and  applied  to  the  system  calculation  as  a means  of  evaluating  designs. 

An  approximate  weight  was  first  developed  for  all  components,  based  on 
electrical  power  input  to  the  conditioner-controller.  These  weights  were 
estimated  by  General  Electric  engineers,  based  upon  compressor  modules  of 
about  a two-kw  power  level,  each  module  having  two  compressor  stages  and 
one  motor: 
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We  ight 


f 

t imim®  mumt 


4 Ib/kW 

5 lb/kw 
7 lb/kw 

2 lb/kw 

7 lb/kw 

25  lb/kw 

(Calculated 
by  computer) 

( 1 0"f  of  core 
weight) 

10  lb/turboal- 
ternutor 

70  pounds 

It  Is  apparent  that  baaing  the  compressor  subsystem  weight  purely  on  the 
basis  of  input  power  ts  a crude  approximation.  A report  by  P.  Cl.  Wapnto 
presented  much  more  detailed  compressor  weight,  estimates  (Kef.  6).  In 
some  cases,  the  Wapnto  report  estimates  differed  considerably  from  those 
given  above;  in  those  instances  averages  were  generally  taken  between  the 
estimates  by  Wapnto  and  bv  the  Cleneral  Electric  Company.  In  the  summary 
of  the  resulting  weight  calculation,  which  appears  below,  the  following  sym- 
bols are  used: 

Symbol  Meaning 

N Number  of  compressor  modules,  each  having  two  centrifugal 

compressor  stages  and  onr  motor. 

Electrical  input  power  to  power  conditioner-controller,  for 
the  t*h  compressor  rmxlule  (kw) 

W Weight  of  a single  compressor  module,  with  two  compression 

c stages,  not  including  motor  (pounds) 

Total  weight  of  compressor  aftercoolers  and  heat  rejector, 
for  one  compressor  module  (pounds) 


Component 

Compressor  subsystem  (two  stages  in  each  module) 

Power  conditioner- controller 
Motor 

Compressor  (frame,  Impeller,  etc.) 

Aftercooler  (for  transfer  of  heat  from  helium 
to  cooling  fluid) 

Heat  rejector  (for  final  rejection  of  heat  from 
cooling  fluid  to  air) 

Total  compressor  subsystem 

Heat-exchanger  core 

Heat-exchanger  headers 

Turboalternator  (Including  piping  and  filter) 

Dewar  (not  included  In  system  weight  calculations) 


■'Assumes  conversion  from  60  to  1500  hertz;  also  assumes  water  cooling. 
(Estimated  weight  for  air-cooled  power  conditioner-controller  is  11  lb/kw,  ) 
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Symbol 
W 


m 


W 


W. 


Meaning 

Weight  of  motor  in  one  compressor  module  (pounds) 

Weight  of  power  conditioner-controller  for  one  compressor 
module  (pounds) 

Weight  of  total  compressor  subsystem  (pounds) 


For  the  motor  , the  weight  was  calculated  to  be: 


W = 4.0  P ,■/» 
m i 


The  compressor  weight  was: 


W » 20 
c 


(1) 


(2) 


The  weight  of  the  power  conditioner-controller  was  the  same  as  above: 


W 4 P,  Ci) 

P 1 

The  aftcrcooler  and  heat-rejector  weight  was  also  the  same  as  above: 

w.  - n p.  (4) 

h i 

Adding  all  these  weights  together  gives,  for  the  total  weight  of  the  com- 
pressor subsystem: 


W - 20  N + 


^ (4.  0 P®/3  » 13  Pt) 


<»> 


i“  1 


This  equation  was  used  to  estimate'  system  weights  in  the  analysis  that 
follows. 


RESULTS  FOR  5-WATT  SYSTEM 

A number  of  systems  were  studied,  with  refrigeration  capacities  of  5 
watts  at  4.4JK  and  secondary  loads  totaling  30  watts  at  higher  temperatures. 

A summary  of  the  results  is  presented  in  Table  2. 

The  total  system  weight  is  ihe  sum  of  the  compressor  subsystem,  the  heat 
exchanger  core  weight  with  ten  percent  of  the  core  weight  added  for  headers, 
and  10.0  pounds  for  each  turbine  (including  piping  and  filters).  Dewur  and 
radiation  shield  weight  are  not  included  in  the  system  weight  because  these 
weights  will  be  shared  by  the  system  to  be  cooled. 

As  mentioned  previously,  there  are  two  turboalternator  frame  sizes, 
large  and  small.  The  frame  size  can  be  determined  by  Figure  4,  which  was 
taken  from  < ‘olyer  and  Oney,  Figure  4.  2.  3-1  (Ref.  1).  A large-frame 
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SYSTEM  DESIGN  CALCULATIONS  --5  WATTS  AT  4.4°K 
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Figure  4.  Turboalternator  Cryogenic  Performance 
Power  Output  Versus  Speed 

turboalternator  is  considered  to  be  a unit  whose  speed-power  characteristic 
falls  above  the  highest  curve  In  the  figure,  while  a email-frame  turboaHer- 
nator  falls  on  or  below  that  highest  curve.  For  example,  a unit  with  a speed 
of  180,000  rpm  and  a power  output  of  50  watts  would  require  a small  frame, 
while  a unit  of  the  same  speed  with  a power  output  of  100  watts  would  require 
a large  frame. 

Many  of  the  computer  runs  were  made  in  attempts  to  produce  a system 
design  with  all  turbines  of  a small  frame  size.  This  was  found  not  be  be  pos- 
sible with  the  refrigeration  capacities  chosen.  In  all  runs,  at  least  one  of  the 
three  turbines  exceeded  the  small  frame  size. 


BINIRAl^  IllCTRIC 


It  was  concluded,  on  the  basis  of  only  a few  runs,  that  there  was  no  ad  • 
s:  vantage  In  four-turbine  systems  and  that  the  additional  complexity  was  not 

! justified.  Two-turbine  systems  (Runs  414  through  432)  showed  larger  system 

weight  than  three-turbine  systems.  The  choice  was  therefore  a three-turbine 
system,  with  either  four  or  six  compressor  stages  (two-  or  three-compressor 
| modules).  Most  of  the  runs  were  made  on  three -turbine  Bystems. 

For  systems  with  four  compressor  stages  and  three  turbines,  the  opti- 
mum system  was  represented  by  Run  404,  with  a system  weight  of  530  pounds. 

For  six  compressor  stages  and  three  turbines,  the  optimum  system  was 
represented  by  Run  433  (system  weight  451  pounds).  This  system  comes  close 
to  the  goal  of  400  pounds  for  a system  having  a 5 -watt  capacity  at  4. 4°K. 

Off-Peaign  Calculations 

Present  computer  programs  are  "design"  programs  in  that,  generally 
speaking,  system  performance  is  specified  as  program  input  and  component 
geometry  is  calculated  and  presented  as  output.  A true  off-design  program 
would  do  the  opposite:  It  would  accept  geometry  as  input  and  would  calculate 
system  performance  over  a range  of  values  for  various  parameters. 

Such  calculations  were  beyond  the  scope  of  the  present  contract;  however, 
pseudo  off-design  calculations  were  performed  using  the  present  design  pro- 
gram. Starting  with  the  system  of  Run  433  (six  compressor  stages  and  three 
turbines),  the  heat -exchanger  effectiveness  was  lowered  to  98.  0 percent  to 
determine  the  effect  of  missing  the  heat  exchanger  design  goal  of  98.  5 percent. 
At  the  same  time,  in  Run  442  (not  listed  in  Table  2),  the  two  coldest  heat  loads 
were  lowered  to  a level  that  would  maintain  the  same  total  helium  mass  flow 
rate  (10.  4 g/sec)  as  in  the  original  design  (Run  433).  The  resulting  heat  loads 
required  to  maintain  this  flow  rate  were  3 watts  at  the  4.4°  and  12°K  levels 
(compared  to  the  original  design  of  5 watts  at  each  temperature  station).  The 
heat  exchanger  and  turbine  designs  of  Run  442  changed  only  slightly  from  the 
original  design  of  Run  433,  and  the  compressor  design  was  unaffected  because 
the  flow  rate  and  pressure  ratio  were  the  same. 

The  same  pseudo  off- design  procedure  was  applied  to  design  Run  404  (four 
compressor  stages  and  three  turbines).  In  Run  445  (not  given  in  Table  2),  the 
two  coldest  heat  loads  were  found  to  drop  to  2.  8 watts  each  (from  the  original 
design  of  5 watts)  as  a result  of  the  heat-exchanger  effectiveness  dropping 
from  08.  5 percent  to  98.0  percent. 

In  Run  451,  the  same  off-design  procedure  was  applied  to  design  Run  404, 
but  this  time  the  turbine  nozzle  coefficients  for  all  three  turbines  were  lowered 
from  the  design  value  of  0.  90  to  0.  85,  which  dropped  the  turbine  efficiency 
about  five  percent.  The  two  coldest  heat  loads  were  found  to  drop  from  the 
original  5 watts  each  to  3.  6 watts. 

Likewise,  the  same  drop  in  nozzle  coefficients  was  used  In  Run  459,  ap- 
plied to  design  Run  433.  The  two  coldest  loads  dropped  from  the  original  5 
watts  each  to  3.  8 watts. 
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GENERAL  ^ ELECTRIC 


Next,  starting  with  design  Run  433,  the  heat-exchanger  efficiencies  were 
lowered  to  (it),  0,  and  the  nozzle  coefficients  were  dropped  to  0.  U5  at  the  some 
time,  In  off-design  Run  466,  The  two  coldest  loads  dropped  from  the  originul 
5 watts  each  to  2,  2 watts. 

Likewise,  starting  with  design  Run  404,  the  same  parameters  were  changed 
the  same  amounts  in  off-design  Run  470,  and  the  two  coldest  loads  dropped  to 
1.  98  watts. 

It  can  therefore  be  seen  that  systems  with  four  or  six  compressor  stages 
have  about  the  same  sensitivity  to  changes  in  heat  exchanger  and  turbine  per- 
formance and  that  the  design  for  5 watts  at  the  coldest  station  appears  ade- 
quate to  maintain  some  capacity  even  in  the  event  of  depressed  heat  exchanger 
and  turbine  performance. 

RESULTS  FOR  3-WATT  SYSTEM 


All  attempts  to  design  a system  with  5 -watt  capacity  at  4.4°K  and  with 
three  turboalternators  of  small  frame  size  failed.  It  was  found  that  the 
capacity  at  4.  4°K  had  to  be  reduced  to  3 watts  in  order  to  achieve  the  desired 
small  frame  size  for  all  three  turboalternators, 

Figure  5 is  n printout  of  Run  470,  which  represents  u system  having  3- 
watt  capacity  at  4.  4°K,  There  are  six  compressor  stages  (three  compressor 
modules)  and  three  turbines.  All  three  turboalternators  are  of  the  small 
frame  size.  ’Phis  run  was  selected  as  the  system  design  basis.  (See  Figure 
3 for  a schematic  diagram  of  the  system,  ) 

Tne  Run  470  system  has  a compressor  subsystem  of  three  modules,  with 
two  centrifugal  stages  each  (a  total  of  six  stages),  and  three  turboalternators. 

The  total  system  weight  was  calculated  to  be  386  pounds: 


Component 

Weight  (pounds) 

Compressor  subsystem  : 

262.7 

Heat-exchanger  core 

84.0 

Heat-exchanger  headers  (10%  of  core) 
Turboalternators  (including  filters  and 

8.  r> 

piping),  at  10  pounds  each 

30.0 

Total 

TTTTe 

The  dewar  and  radiation  shield  weights  are  not  included  in  the  above  calculation. 

Before  Run  47!)  was  finally  selected,  a number  of  computer  cycle  calcu- 
lations were  made  in  an  attempt  to  optimize  the  system.  First,  the  tempo r- 
ature  into  the  coldest  turbine  was  varied,  The  results  are  shown  in  Figure  6, 
!|:Using  Equation  5 
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RUM  NUMBER 


18/1  S/71 


ITERATIONS  * * ************11141**41 
*****  84 


O-HMENT  SEQUENCE  *48281 


LOCATION 

1 

8 

3 

4 


LOADOO  TCMP(K)  FL0W< Q/3CC) 

3*000  4*400  8*106 

3*000  14*00  3*360 

3*000  5S*O0  1*486 

13*00  170*0  0*7343 


CYCLE 

0ES1  ON 

RUNTS  7 YES 

4 

L9C* 

PCATM) 

TEMFCK) 

L0C* 

PCATM) 

TEMPCK) 

1 1 

8*800 

5*747 

1 a 

1*180 

4*406 

1 3 

1*174 

4*400 

8 1 

8*888 

13*54 

8 8 

8*814 

18*57 

a a 

8*800 

5-747 

8 4 

1*174 

4*400 

8 5 

1 *1  88 

18*45 

a 6 

1*157 

18*95 

8 7 

8*814 

14.00 

3 1 

8*856 

54.35 

3 8 

8*848 

49*87 

3 3 

8.888 

13*84 

3 4 

1*157 

18*95 

3 3 

1 • 1 49 

40*73 

3 6 

1*139 

58*73 

3 7 

8*848 

55*00 

4 1 

8*889 

146.  1 

4 8 

8*871 

155*3 

4 3 

8*856 

54.35 

4 4 

1*139 

58*73 

4 S 

1 *188 

1 53*8 

4 6 

1*188 

163*5 

4 7 

8*871 

170*0 

5 1 

8*96  4 

339*0 

5 a 

8*885 

166*1 

5 3 

1 *188 

1 63.  5 

5 4 

1*100 

338.4 

TUR88 ALT IRMAT0RS  7 YES 


— — — --TURBfALTERNAT0R3 

L8C*  DIA(IM)  PUR(W)  EFFIC* 

? 2*S22  8T.I4  0*3730 

3 0 • 7000  48  * 47  0*3746 

A 1*000  61  *89  0*3068 


RPM 

118088. 

161695* 

186765. 
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Figure  3,  Design  Point  for  System  with  3- Watt  Capacity  at  4.  4°K  (Run  47D) 
(Sheet  1 of  3) 
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LOC*  AOM.FRACT. 

2 0.30S6 

3 0*1670 

4 0.1074 

LOC.  T.BRQ.NO. 

2 0.3790F-01 

3 0.1069 

4 0.3117 


LOC*  J.BRG.NO. 

2 0.7863 

3 1.677 

4 2.000 


W*L0SS<  W) 
0*7241 
1 .701 
4.772 

T.LD  CO. 
0*1 382 t “01 
0.1 445C-0I 
0.162IC-01 

J.LD  C0* 
0.47411-01 
0*49 591-01 
0.55611-01 


FLO*  FAC . 
1 .588 
1 .378 
1*185 

T.MIN  F. < IN) 
0*11 60E-02 
0.1  1601-02 
0.1  1601-02 


SP.  VEL.RAT. 
0.3773 
0*3609 
0*3349 

BRG.PWR. < W) 
0.3647 
1.552 
4*102 


BL.HT./CUT.DIA* 

2.065 

2*210 

1*380 


U3C  HROWR  PROGRAM  7 YES 


HEAT  EXCHANGER  0131 QM 


LOC* 

WT(LBS) 

LENGTH  (CM) 

VOLCCU.PT.) 

EFFECT 

2 B 

1*243 

1 1*50 

0.2035E-01 

0.9850 

2 U 

0.1509 

1 .395 

0.2469E-02 

0.9183 

3 B 

12*90 

47*32 

0*2604 

0*9851 

3 U 

0.8474 

4.017 

0.1 6I3E-01 

0.9035 

4 B 

29*20 

58*51 

0.6707 

0.9849 

4 U 

1.671 

4.629 

0.35B6E-01 

0.8738 

5 B 

38*89 

60.68 

0*9383 

0.9851 

TOTALS 

84*91 

1*944 

CENTRIFUGAL  COMPRESSOR?  YES 


CENTRIFUGAL  COMPRESSOR 


POWER  TO  CONDI T-C0NTR0L  <KW>  13*12 
AMBIENT  TEMPERATURE  CK>  322*0 
PRESSURE  RATIO  2*649 
MASS  PLOW  (O/SCC)  7*686 


MODULE  IN* 
1 

2 

3 


POWER!  KW)  RPM 
4.829  0*91001*05 

4.391  0.91001*05 

3*903  0*9100  E+0  5 


BEARINGS 


MOT.SPD*  < FPS> 
667*2 
667*2 
667*2 


CH-4132 


Figure  5.  Design  Point  for  System  v'ith  3 -Watt  Capacity 
ut  4.  4°K  (Run  479)  (Shoot  >.  of  3) 
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T.BRG.N0. 

T.LD.C0. 

T.M1N  r.(lM) 

BRG.PWR.tW) 

1 

6*332 

0.4618E-01 

0* I323E-02 

433.7 

2 

4*433 

0.334SE-01 

0 * 1 323E-02 

474.2 

3 

3.274 

0.2585E-01 

0*1 3238*02 

517.4 

MODULE 

J.BRG.N0. 

J.LD.CB * 

J.MIM  r.<iN> 

CR1T. SPEED 

1 

8.000 

0.76031-01 

O.I223E-02 

0 

2 

8.000 

0.S507E-01 

0* 1283C-02 

0 

3 

8*000 

0.48S7E-01 

0.1223E-02 

0 

STAGE 

3P.3PEED 

AERO.  EFT. 

TIP  SPD< FPS> 

OtA.  (IN) 

1 

0*43381*01 

0.6347 

1696. 

4.871 

2 

0.40401*01 

0*61  S3 

1694. 

4.871 

3 

0.39491*01 

0.6077 

1689. 

4.100 

4 

0.34071-01 

0.6028 

1563; 

3.936 

3 

0.38431*01 

0*5983 

1501. 

3.779 

4 

0 .38488*01 

0.5964 

1441. 

3.688 

STAGE 

1 

2 

3 

4 
3 
6 

PRESS. RATIO 
1 .214 
1 *204 
1 .184 
I .164 
l.iSO 
1 .134 

CB9L.CPFCTV 

0.7648 

0.7765 

0.7620 

0.7469 

0.7311 

0*7148 

8 

CR-4132 

Figure  3.  Design  Point  for  System  with  3-Watt  Capacity  at  4.  4°K  (Run  479) 
(Sheet  3 of  3) 
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Tgure  6.  Input  Power  Versus  "Turbine  Inlet  Temperature 
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which  indicates  that  the  temperature  of  14°K  is  optimum  from  an  input  power 
standpoint. 

Several  additional  calculations  were  made  with  variations  in  the  warmer 
two  turbine  temperatures.  While  slightly  lower  Input  powers  could  be  achieved 
by  changing  those  temperatures,  changes  in  temperatures  in  a direction  to 
attain  lower  input  powers  also  caused  at  least  one  turbine  to  exceed  the  maxi- 
mum power  level  of  a turboalternator  with  small  frame  size.  The  require- 
ment of  smull  frame  size  therefore  imposes  the  temperatures  used  in  Hun  47!) 
for  the  warmer  two  turbines. 


Off-Design  Calculations 

Pseudo  off-design  ralculal  ions  were  applied  to  design- point  llun  47!),  to 
determine  the  effect  of  degraded  performanc  e of  cryogenic  heal  exchangers 
and  turboulternators.  Table  M shows  the  results  of  design -point  Hun  47!)  and 
three  off-design-point  runs.  The  total  flow  rate  that  was  held  approximately 
constant  for  all  these  runs  was  the  design- point  value  of  7.  (j!)  g/sec. 
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The  drop  in  turbine -nozzle  eoeflie ieni  from  0.  "0  In  0,1)5  caused  approxi- 
mately a five-percent  drop  in  overall  lurbine  efficiency.  As  can  lie  seen  from 
the  table,  even  In  the  unlikely  even!  that  both  turbine  and  hrat-exe  lutngur  per- 
formance were  degraded  by  the  amounts  shown,  there  would  still  lie  more 
than  one  watt  of  refrigeration  capacity  at.  each  of  I lie  !wo  coldest  refrigeration 
stations. 
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EXPERIMENTAL  SYSTEM  DESIGN 

GENERAL 


The  experimental  system  included  only  the  coldest  turboalternator  and  a 
heat  exchanger  that  was  to  be  cooled  by  a liquid  nitrogen  stream  that  takes 
the  place  of  the  warmer  turboalternators,  as  shown  in  the  schematic  of  Figure  7, 

The  design  goals  for  the  experimental  system  that  were  used  as  guides 
during  the  design  phase  of  this  program  were: 

• Refrigerator  Maintenance -Free  Life.  This  goal  was  to  demonstrate 
the  potential  for  long  life  (ultimately  perhaps  10,  000  hours  or  more). 
The  contract  goal  was  given  as  2500  hours, 

• Shock  and  Vibration.  The  refrigerator  was  not  to  be  subjected  to 
shock  or  vibration  loading,  except  during  normal  handling  and  ship- 
ping while  the  refrigerator  was  not  operating. 

• Acceleration  Loading.  The  refrigerator  was  not  to  be  subjected  to 
acceleration  loading  beyond  normal  gravity  loading;  however,  to  be 
conservative,  all  structural  design  and  turboalternator  bearing 
design  were  baaed  upon  a steady  acceleration  loading,  in  any  direc- 
tion, of  twice  the  acceleration  of  gravity. 

• Temperature  Capability.  The  unit  was  to  be  designed  so  there  would 
be  at  least  a 0,  8 probability  of  reaching  the  design  temperature  of 

4.  4°K,  with  no  useful  refrigeration  load  at  that  temperature. 

RADIATION  SHIELD 


Calculations  were  made  to  determine  whether  the  thermal  radiation  shield 
should  be  thermally  connected  to  the  170°K  or  the  55°K  refrigeration  load  sta- 
tion. It  was  found  that  if  the  shield  is  connected  to  the  170°K  station,  as  much 
as  130  watts  could  be  radiated  Inward  to  the  lower- temperature  regions  of  the 
cryosectton;  this  condition  would  have  necessitated  multilayer  reflective  in- 
sulation both  Inside  and  outside  the  radiation  shield  - -an  undesirable 
complication. 

With  the  shield  connected  to  the  55 °K  station,  the  inward  radiation  was 
found  to  be  less  than  1,  4 watts,  eliminating  the  need  for  insulation  inside  the 
shield. 

With  the  shield  at  55°K,  the  external  heat  load  on  the  shield  was  conserva- 
tively estimated  to  be  less  than  4 watts,  if  a 5-cm  thickness  of  reflective 
multilayer  insulation  were  used  outside  the  shield  (such  a thickness  would 
contain  60  to  80  layers  of  insulation),  This  heat  load  would  be  the  major 
constituent  of  the  5-wutt  load  at  55°K,  assumed  in  the  cycle  Btudies. 
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CRYOGENIC  PIPING 


Cryogenic  piping  is  required  to  carry  gas  between  turbines  and  heat  ex- 
changers with  an  acceptably  low  pressure  drop.  Calculations  were  made  for 
pipe  diameters,  with  the  following  assumptions: 

• For  each  pipe  carrying  gas  either  to  or  from  a turbine,  the  ratio 
of  pressure  drop  to  average  pressure  must  not  exceed  0.  001. 

• Pressure  losses  caused  by  wall  friction  are  negligible,  compared 
with  losses  caused  by  bends  or  elbows  in  the  pipes. 

• In  each  pipe  to  or  from  a turbine,  there  are  four  right -angle  bends 

and  a total  pressure  loss  corresponding  to  four  times  the  velocity  head. 

These  assumptions  are  somewhat  conservative  because  in  some  pipes 
there  are  fewer  than  four  bends  and  there  is  probably  less  than  one  velocity 
head  loss  tn  each  bend. 

Results  of  the  pressure-drop  calculations  showed  that.  a 1 /2-inch  nominal 
pipe  size,  schedule  5S,  would  lie  ndAquately  large  for  all  cryogenic  piping, 
from  a pressure-drop  standpoint.  This  pipe  has  an  inside  diameter  of  18.  0 
mm  (0.710  inch)  and  an  outside  diameter  of  21.  3 mm  (0.  (140  inch), 

Because  this  pipe  size  is  reasonably  small,  yet  lurge  enough  for  mech- 
anical support  of  the  turboalternators,  this  size  was  tentatively  selected  for 
all  piping  to  and  from  the  turbines  und  to  and  from  the  Joule-Thomaon  valve. 

JOULE -THOMSON  VALVE 


The  simplest  approach  for  the  construction  of  a .loule-Thomson  valve  is 
to  use  a standard  needle  valve  and  to  modify  it.  with  the  addition  of  a long  stem 
sealed  within  a vacuum-tight  sheath.  The  valve  could  thereby  bo  manually 
controlled  nt  the  warm  end.  The  stem  screw  threads  were  initially  located 
at  the  warm  end,  but  in  a later  design  change,  the  1 breads  were  relocated  to 
the  cold  end. 

Choked  flow  of  nn  ideal  gas  through  u sharp-edged  orifice  was  assumed 
for  sizing  the  valve  orifice.  A W'hitey  Company  valve,  Model  2HF4-H16,  with 
an  orifice  diameter  of  2.  U8  mm  (0,  00 3 Inch)  was  selected.  An  orifice  of  this 
size,  with  an  upstream  temperature  and  pressure  corresponding  to  cycle  de- 
sign-point  conditions,  would  result  in  a calculated  helium  flow  rate  of  8.  n g/sec, 

The  cycle-design  flow  rate  through  the  Joule- Thomson  valve  Is  2,  1 g/Bec. 

It  is  believed  that  this  ratio  of  flow  rates  la  adequately  large  to  assure  control 
at  the  design  point,  despite  uncertainties  In  the  calculation  (the  greuiost  un- 
certainty of  course  results  from  the  assumption  of  an  Ideal  gas).  The  valve 
gives  nearly  linear  control  from  the  closed  to  the  Fully  opened  stem  position, 
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LIQUID  NITIh  HILN  ( O* 


Ah  indicated  above,  n liquid  nitrogen  cooler  wan  needed  to  lake  the  place 
of  the  warmer  lurboulte motors,  to  depress  the  temperature  at  the  cold  end 
of  the  warmcm  heat  exchanger*. 


The  method  selected  to  accomplish  this  while  attaining  a small  stronnrlo- 
streum  temperature  difference  at  Hie  cold  end  of  the  warmcsl  heal  exchanger* 
is  to  unbalance  the  flow  between  the  bn  streams  In  providing  a larger  flow  to 
the  colder  at  ream.  This  unbalance  can  be  accomplished  us  shown  in  figure  !). 
The  resulting  temperature  distribution  is  shown  in  figure  h, 
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figure  It.  Cooling  System  (Schematic  lhagrnm) 

The  advantage  of  lids  arrangenicni  is  that  Hie  coni  ml  valve  can  he  a 
warm  valve  will)  convent  ional  (Inn  leak  -light)  pocking  and  the  ho|jiim-to- 
n it  roge n heal  exchanger  ran  he  loealed  outside  I lie  vacuum  spocc.  Tills  nr- 
riuigenienl  is  shown  In  figure  Hi, 

The  cold  o'  d,  si  ream -to- si  ream  lemprrnt  lire  dlt'fereiiee  shown  in  figure 
!'  can  be  calculated  as  follows,  using  Hie  definitions,  equations,  and  nomen- 
clature of  Kav  and  London  ( I ‘ • ■ 1 , 7,  on,  to  17),  Several  tlerni  ions  shewed 
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Figure  f).  Temperature  Distribution 


Figure  10,  Helium -to -Nitrogen  Heat  ftxchanger 

that  a helium  flow  :*te  through  the  control  valve  of  0,  3 g/aec  provides  a euf- 
ficientlv  large  flow  unbalance  between  the  two  wtrearna,  The  warm-stream 
flow  rate  (Figure  0)  is  5,47  g/aec  (the  turn  of  the  flow  rates  through  the  .loule- 
Thomson  valve  and  the  14°K  turboalternator),  The  cold-stream  flow  rate  in 
therefore  5,  47  + 0,3,  or  5.  77  g/aec,  Trie  capacity-rate  ratio,  (’,  is  cnlculatetl 
to  be  the  ratio  of  mass  flows  for  equal  heat  capacities: 


C"  C . /C  5,47/5,77  0.  M5 

min  max 
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The  heat  transfer  effectiveness  for  a counterflow  arrangement  is: 


t -NTtl(l  - C) 
i ‘ c:e-NTim  - <’) 


For  number  of  transfer  units  (NT 111  of  6b  (the  design  value  of  the  warmest 
heat  exchanger),  the  effectiveness  is  calculated  from  the  above  equation  to  be 
0.098,  and  the  cold-end  stream-to-stream  temperature  difference  Is  culculated 
to  be  0.  44"K,  This  value  is  sufficiently  small  to  match  ‘he  stream-to-stream 
temperature  difference  at  the  warm  end  of  the  adjacent  colder  heut  exchanger. 

COLD  END  ('(  Mll.KR 

A method  for  cooling  the  cold  end  of  the  system  was  devised,  As  shown 
in  Figure  7 a small  diameter  tube  leads  helium  from  Just  upstream  of  the 
Joule-ThoniHon  valve,  through  a room  temperature  control  valve,  and  finally 
back  to  the  low  pressure  side  of  the  compressor  system.  The  purpose  of 
this  gas  bleed  was  to  remove  at  lens)  part  (if  not  all)  of  the  warm  helium 
stream  returning  through  the  oountorflow  heat  exchangers  during  the  cooldown 
process.  If  allowed  to  pass  through  the  heat  exchangers,  this  warm  return 
stream  would  Irunsfer  heat  to  the  incoming  cold  stream,  thereby  lengthening 
the  cooldown  process.  Once  the  -loule-T hnmsori  vulve  dropped  to  below  the 
inversion  temperature  and  produced  cooling,  the  bleed  stream  valve  would  be 
closed,  and  nil  of  the  gas  would  return  through  I lie  heat  exchanger  system. 

HEAT  Ll'lAls 


The  r ryosect ion  design  concept  was  to  mount  ell  cryoscction  components 
(tu ebonite rnnl ora,  .loule-Thomson  valve,  filters,  and  radiation  shield)  hired  ly 
on  the  heat  exchanger  or*  on  the  liquid  nitrogen  cooling  stage.  Thus,  no  struc- 
tural supports  between  room  temperature  and  cryogenic  temperatures  would 
be  needed,  and  all  conducted  heat  leakage  would  be  through  instrumentation 
loads  and  through  the  , loule-Thomson  valve  stem. 

A summary  of  calculated  heat  leaks  is  given  in  Table  4. 

The  above  heat  leaks  do  not  include  oondudion  through  liquid  nitrogen 
tubes,  which  will  he  installed  to  expedite  rapid  cooldown  of  the  cold  end  of 
the  heat  exchanger  system. 

The  liases  for  the  heat,  leak  calculations  were: 

• The  coaxial  cable  assumed  Is  Microdot,  Incorporated,  No.  200-4019. 
This  cable  contains  seven  strands  of  0.0041  inch-diameter  copper 
wire  in  the  inner  conductor,  and  64  strands  of  0.  OOM-inch-diumeter* 
copfier  wire  in  the  shield,  A length  of  1.  2 meters  was  assumed. 
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Table  4 

ESTIMATES  OP  HEAT  CONDUCTION  RATES 


Calculated  Rate  of  Heat  Conduction  (w) 


Thermal  Conductor 

To  14°K  Level 

To  4.  4°K  Level 

Seven  coaxial  cables  for  proximity 
probes 

0.  275 

Three  alternator  power  leads 
(includes  Joule  heat) 

0.  072 

Leads  for  three  platinum  resistance 
thermometers  (four  leads  for  each 
thermometer) 

0.  056 

0.  028 

Three  pairs  of  thermocouple  leads 

0.020 

0.  010 

Two  pressure  lines 

0.  007 

m 

Joule- Thomson  valve  stem 

-- 

0.  063 

0.430 

0.  101 

The  total  of  0.  275  watt  given  in  Table  4 is  for  all  seven  cables.  If 
the  cables  were  thermally  connected  to  the  80°K  level,  with  a 1 -meter 
length  between  that  temperature  and  the  14°K  level,  the  heat  leak 
could  be  reduced  to  about  0.  13  watt. 

• The  turboalternator  power  leads  were  optimized  by  the  method  of 
McFee  (Ref.  8).  The  conductor  diameter  was  calculated  to  be  0.41 
mm  (0.  016  in. ) for  an  assumed  length  of  1.  0 meter. 

• It  was  assumed  that  two  platinum  resistance  thermometers  would  be 
used  at  the  14°K  level  (one  at  the  inlet  and  one  at  the  outlet  of  the 
turboalternator)  and  that  one  thermometer  would  be  used  at  the  dis- 
charge of  the  .Joule -Thomson  valve. 

• Copper  constantan  thermocouples  would  be  mounted  at  the  same  posi- 
tions. These  sensors  would  be  used  for  monitoring  cooldown  only 
(their  sensitivity  would  not  be  adequate  for  sensing  the  final  steady- 
state  temperatures), 

• Pressure  lines  were  assumed  to  be  stainless  steel  lines  1.6  mm. 

(0.  062  In. ) outside  diameter  and  0.  81  mm,  (0,  032  in. ) tnside  diam- 
eter, 1.2  meters  long, 

LAYOUT  OP  CRYOGENIC  SECTION 


A layout  of  the  cryogenic  section  showing  the  location  of  all  cryogenic  com- 
ponents is  shown  in  Figure  11. 


Section  4 
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TURBOALTERNATOR 


GENERAL 

The  turboalternator  arrangement  used  in  this  program  is  shown  in  Figure 
12.  It  comprises  a high  speed,  radial  inflow,  impulse  turbine  mounted  on  a 
permanent  magnet  alternator  shaft.  The  shaft  is  supported  and  positioned  on 
self-acting,  gas-lubricated  bearings.  Operating  tests  at  speedB  up  to  400,000 
rpm  have  been  conducted  on  this  type  of  turboalternator.  The  bearing,  windage, 
and  electromagnetic  parasitic  losses  are  reasonably  low.  The  high  speed  al- 
ternator has  proven  to  be  of  both  sound  design  and  high  efficiency.  Tests  with 
electrical  loads  up  to  109  watts  have  been  conducted  with  electromagnetic  effi- 
ciencies of  98  percent.  The  bearing  system  allows  operation  in  any  orientation, 
free  from  gas  bearing  and  rotor  instabilities  sometimes  found  in  other  bearing 
systems. 
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Figure  12.  Partial-Admission  Radial-Impulse  Turboalternator 


The  turbine  rotor  is  mounted  on  gas-lubricated  journal  bearings.  Three 
hardened  pads  at  each  journal  bearing  support  the  1 /4-inch-dinmeter  shaft 
with  an  operating  pas  film  thickness  of  about  800  microinches.  These  journal 
bearings  are  of  the  self-acting,  tilting  pad  type.  They  were  incorporated  to 
ensure  stable  operation  throughout  the  operating  range  and  at  any  attitude, 
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Two  inward  pumping  spiral  grooved  thrust  bearings  position  the  shaft 
axially.  Like  ihe  journal  bearings,  the  thrust  bearings  are  gas  lubricated, 
typically  using  a 500  microinch  film  thickness. 

The  entire  bearing  system  is  self-aligning  because  the  thrust  bearings 
are  gimbal  mounted  and  the  tiltlng-pad  journal  bearings  are  self-aligning. 
Satisfactory  operation  of  the  complete  be  u mg  system  is  independent  of  the 
accuracy  with  which  adjacent  parts  are  manufactured, 

The  turbine  energy  is  absorbed  by  the  permanent  magnet  alternator.  This 
compact  alternator  is  the  most  practical  device  for  extracting  energy  at  cryo- 
genic temperatures  when  that  energy  will  be  expended  at  ambient  temperutures. 
The  two-pole  mugnet  operates  within  the  stator  which  is  wound  5-phase  within 
low-loss  iron  laminations,  These  laminations  have  been  made  by  conventional 
die  punching  and  by  photoetching,  a method  which  eliminates  crimped  edges. 

The  alternator  rotor  consists  of  a high  field- strength  platinum- cobalt  magnet. 
The  rotor  is  constructed  by  brazing  the  magnet  to  shaft  cndB.  The  ground 
magnet  surface  has  the  same  diameter  as  the  shaft, 

TURBOALTERNATOR  DESIGNS 

PRELIMINARY  DESIGNS 

Preliminary  designs  of  the  three  turboalternators  needed  for  the  refrig- 
eration system  were  made  (Appendix  I,  "Preliminary  Turboalternntor  Designs"). 
The  final  designs  of  the  two  warmer  turboalternators  were  not  completed  be- 
cause it  was  decided  to  manufacture  und  test  only  the  coldest  turboalternutor. 

The  final  design  of  the  coldest  turboalternator  is  discussed  in  the  following 
section, 

FINAL  DESIGN  OF  THIS  14°K  TURHOALTERNATOH 

The  overall  mechanical  configuration  design  of  the  turboalternator  Is 
shown  in  Figure  15  (excerpted  from  General  Electric  Drawing  58HE477),  The 
active  components,  turbine,  ulternator,  and  beurings  are  mounted  on  a base- 
plate (Part  111),  which  allows  simple  attachment  of  the  assembled  turboalter- 
nutor to  the  remainder  of  the  refrigeration  system, 

All  enclosure  souls  are  indium  *coated  C rings.  The  base  material  of  the 
C rings  la  304  stainless  steel,  to  match  the  thermal  coefficient  of  expansion  of 
the  flanges.  The  low  mass  of  the  seals  coupled  with  the  excellent  thermal  con- 
tact between  the  seal  und  flange,  established  by  the  soft  indium  coating  that  es- 
sentially becomes  bonded  to  the  flange  surfaces,  ensures  geometric  tempera- 
ture uniformity  in  the  seal  area  during  system  temperature  excursions,  Rela- 
tive motion  between  the  seal  und  the  flange  faces  is  thus  prevented.  Although 
the  thermal  coefficient  of  expansion  of  the  indium  routing  is  almost  twice  that 
ol'  the  base  metal,  the  spring  loading  of  the  C ring  coupled  with  the  extreme 
softness  of  the  indium  overcomes  this  mismatch. 
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Axial  posit  inning  of  the  turhoalternutor  shaft  is  accomplished  by  spiral- 
groove  gas  bearings.  The  bearings  are  self- aligning,  because  of  their  gimbal 
mounting.  The  bearing  material  is  beryllium -copper  alloy,  which  is  compat- 
ible with  the  nitrided  thrust  runner  at  the  low  unit  loading  present  (in  contrast 
with  the  journal  bearing  pads  where  the  high  loading  at  start  and  stop,  due  to 
line  contact  between  the  journal  and  pad,  precludes  the  use  of  this  material). 
The  grooves  are  photoetched  into  the  bearing  surface. 

For  monitoring  bearing  performance  as  well  as  for  initial  bearing  adjust- 
ment, provision  is  made  for  seven  capacitance-type  displacement  probes  with 
the  placements  proceeding  from  the  turbine  end  of  the  shaft: 

Probes  Function 

1 Axial  shaft  movement 

2 Shnft  orbital  movement 

2 Shaft  orbital  (periphery  of  thrust  collar) 

1 Journal  bearing  pad  movement 

1 nuter  thrust  bearing  movement 

Th  turbine  wheel  is  1/2  inch  In  diameter  and  is  made  of  aluminum.  The 
wheel  is  secured  to  the  shaft  by  an  interference  fit.  Proper  selection  of  the 
fit  diameters  and  wheel  shape  allows  the  assembled  rotor  to  be  operated  at 
design  temperature,  at  safe  stress  levels.  Experience  has  shown  that  turbine 
wheels  can  be  removed  from  the  Hhaft  and  can  be  replaced  without  disturbing 
the  rotor  balance, 

ALTERNATOR  DURKIN 


The  alternator  design  is  similar  to  previous  designs  but,  because  of  the 
required  design-point  values  of  speed  and  power,  greater  advantage  can  bo 
taken  of  the  very  high  copper  conductivity  at  the  14aK  inlet  temperature  than 
in  earlier  designs.  Decause  of  this  high  conductivity,  the  armature  current 
can  be  high  for  this  alternator,  which  allows  the  terminal  voltage  to  be  low- 
ered at  the  required  power.  Thus  the  flux  density  can  be  lowered  and  the  air 
gap  can  be  increased, 

Decreased  flux  density  reduces  core  losses.  The  large  air  gap  coupled 
with  a tooth  width  of  0.  050  inch  reduces  the  slot  harmonics  and  associated 
losses  to  a negligible  level. 

Table  5 shows  the  calculated  features  and  performance  of  the  alternator. 
Electromagnetic'  efficiency  is  estimated  to  be  !H),4  percent,  which  Is  higher 
than  the  efficiency  for  previous  designs. 
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Table  5 

ALTERNATOR  DESIGN  AND  CALCULATED  PERFORMANCE 
(14°K  inlet  temperature) 


F 

| 

f 

< 

(■ 


| 


Parameter 

Performance 
(Computer  Design 
D-2300D) 

Stator 

Outside  diameter  punching  (In,  ) 

0.  1)40 

Inaldi  diameter  Un, ) 

o.  am 

Length  Un, ) 

o,  4ia 

Material  (In,  ) 

0.  004  Hymu  BO 

Numbtr  o(  Biota 

12 

Spiral  (dag) 

21 

Tooth  width  (in. ) 

0,080 

Circuits 

1 

Connection 

Wye 

Pitch  <*> 

83,3 

Conductors  par  alot 

A0 

Wlra 

1 - 0,  OOOR 

In,  111'' 

Turna  in  lerlea  par  phnae 

100 

Pitch  (actor 

0.  DOB 

Dlatributlon  (actor 

0,  HUH 

Skaw  (actor 

0. 1)1)3 

Stacking  (actor 

0.  112 

Resilience,  J0*C  0) 

4.  An 

Leakage  raactanca  fi) 

II.  A4  et  1 ADO  IU 

Rotor  Hold 

Diameter  (In.  ) 

0,281 

l.onRth  (In, ) 

0,  111  A 

Material 

III-  Pt 

Air  gap  (In. ) 

0.  01A 

Performance  (1(1"  K) 

Speed  (rpml 

1)0.  000 

Power  factor 

1,  0 

Output  <«) 

20.  02 

l,lrta-ln-llne  volte  -•  no  load 

30,  0 

l.lne-lo-llne  volts  --  (ull  load 

2B,  1) 

Kealatance  at  K (u) 

0,  032 

Currant  (amp) 

o,  noo 

Current  density  (amp/ in') 

11.  000 

Core  loae  (w) 

0.  13 

Copper  lurni  <w) 
Electromagnetic  efficiency  ((1) 

o.  o:i 

Ht).  A 

t 'It  -111(17 
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GAS  1U0AKING  ANALYSIS  AND  DESIGN 


Thu  gas  hear iiiy  analysis  ami  design  is  presented  in  Appendix  11,  "Cias- 
Hearing  Analysis  and  Design. 11 

ASSEMBLY  PROCEDURE 


Tlu-  procedure  for  assembling  (lie  tiirboulteruator  is  presented  in  Ap- 
pendix III.  I’liis  appendix  is  reproduced  from  u separate  document  titled 
Instruction  Manual;  Turboaltornaior  Assembly  Procedures. 

TURBOALTERNATOR  PERFORMANCE 

T UKBOALT  I IKNATOli  MAN  U FACT  till K 

During  i lie  course  of  this  program.  It  was  decided  to  utilize  a turboalior- 
nntor  made  a wit  table  front  a terminated  b.N.  Air  Force  contract."  The  im- 
portant dimensions  of  t he  wheel  and  nozzle  are  utmost  identical  to  the  unit 
designed  for  MKIIDC,  and  calculations  indic  ate  that  the  Air  Force  turbine  would 
meet  the  rei|uirenients  of  the  MKHDC  tests. 

A comparison  of  the  wheel  and  nozzle  characteristics  for  the  MFIUH'  and 
Air  Force  units  Is  given  in  Table  H.  The  Air  Force  unit  waB  originally  de- 
signed for  tun  turbine  wheels  on  one  shall.  In  the  MKKUC  tests,  only  the 
smaller  of  the  two  wheels  was  used. 

Table  fct 
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An  a It*  Mintin'  was  designed  and  built  for  I lie  MKUIH’  turboallernalor  with 
l/'.i  fewer  im'iis  per  slot  than  the  Air  Force  alteriudor  to  reduce  the  operating 
voltage  and  improve  its  efficiency  at  HnK.  Since  this  aitrriuitnr  also  fit  the 
Air  l''oree  ImiHing,  li  was  used  In  the  M Kit  I H 1 t urhoalt  ernator  a Hsenibl  v, 
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A new  nozzle  flange  was  designed  and  fabricated  to  permit  disassembly 
of  tho  turboalternator  housing,  (The  Air  Force  unit  was  designed  for  welding, 
which  made  disassembly  inconvenient. ) 

The  parts  used  in  the  MERDC  assembly  are  shown  in  Figure  14;  with  the 
exception  of  the  alternator  and  the  nozzle  flange,  essentially  all  of  the  other 
parts  were  previously  assembled  and  tested  on  Air  Force  contract,  as  in  Build 
10,  The  operation  of  this  first  stage  Air  Force  turboalternator,  Build  10,  is 
described  on  pages  108-111  of  the  Air  Force  final  Technical  Report  (Ref.  5). 

The  report  also  includes  the  following  information  pertinent  to  the  MERDC 
turboalternator: 

Tho  turboalternator  open-cycle  tests  and  procedures  are  described  on 
pages  83-88. 

The  results  of  open-cycle  performance  tests  on  the  first  stage,  0.  5- inch- 
diameter  turbine  wheel  at  room  temperature  and  177°K  are  described  on  pages 
111-155,  In  reviewing  these  data,  the  fact  that  the  MERDC  alternator  has  1/3 
fewer  conductors  in  the  windings  must  be  kept  in  mind.  This  reduces  the  out- 
put voltages  and  affects  the  total  power.  The  alternator  phase  winding  resin- 
tance  1h  also  reduced  approximately  1/ 3,  thus  reducing  the  power  Iobs  per 
phase  and  the  total  power  loss,  and  affecting  the  electromagnetic  efficiency, 

T URBOA LTERNATOR  PERFORMANCE  DATA  REDUCTION  PROGRAM 


A data  reduction  program  was  used  to  reduce  the  open-cycle  data  on  both 
the  Air  Force  and  MERDC  programs,  This  data  reduction  program  was  pre- 
pared to  evaluate  single-stage  turboulternator  performance.  The  alternator 
voltages  and  currents,  thermocouple  voltages,  turbine  pressures,  and  alter- 
nator frequency  are  the  data  recorded  and  used  in  the  computer  program. 
Perfect  gas  relationships  are  used  throughout  the  program.  Any  perfect  pas 
can  be  used  in  this  program  with  suitable  input  of: 

t Gas  constants 

• Rotometer  constants 

• Alternator  housing  leakage  constants 

The  program  is  now  set  up  only  for  helium  and  nitrogen, 

The  open-cycle  turboalternutor  temperature  (OCTRMT)  program  was 
prepared  for  opcn-cycle  tests  conducted  at  room  and  cryogenic  temperatures, 
using  FORTRAN  IV  computer  language.  Ice  is  used  for  the  room-temperature 
thermocouple  reference  junction  and  liquid  nitrogen  is  used  for  the  cryogenic 
temperature  test  reference  junction.  All  principal  uirboalternator  instrumen- 
tation is  shown  schematically  In  Figure  15. 
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< 1 Alternator  Frequency  (hertz) 
t’()  Flowmeter  l*i ensure  (psi^) 

I'l  Nozzle  inlet  Pressure  (in.  meieury) 
il  Flowmeter  Heading 
lib  Housing  Pressure  (in.  water) 

Hi  Hoad  Hesirttaueo  per  Phase  (ohms) 

VI  \oitnge.  I.ine  lo  Neutral  (volts) 

V2  Voltage,  l.iiu’  to  Neutral  (volts) 

Vi  \ ullage,  lane  to  Neutral  (volts) 

HI  Shunt  Voltage  (volts) 

H2  Shunt  Voltage  (volts) 

HU  Shunt  \ oil apu  (volts) 

TO  (las  Tempo  nit  u it  at  Flowmeter 
'll  lias  Tempt1 1 at u re  into  Nozzle 
S4  Alternator  Winding  Temperature 
Sft  Alternator  Winding  Temperature 

Figure  lie  Pinn.-ipul  I urboaliernator  Instrumentation 
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Figure  18,  Typical  Single  MEHDC  Data  Point  at  Cryogenic  Temperature 
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• Line  7 --  Joule  (IaR)  losses  ure  shown  for  the  separate  phases  and 
the  total  of  these  losses.  These  losses  were  determined  from  the 
measured  current  and  phase  winding  resistance,  which  is  a function 
of  the  average  slot  temperature. 

• Line  8 •-  Two  slot  temperatures  are  tabulated  along  with  the  average 
slot  temperature.  The  temperature  is  measured  from  thermocouples 
positioned  120  degrees  apart  in  the  stator  slots.  The  winding  resis- 
tance is  a function  of  the  average  slot  temperature. 

• Line  !»  --  Performance  faciors  and  characteristics  of  the  turbine  are 
shown.  The  turbine  inlet  temperature  is  measured  at  the  nozzle 
inlet.  The  exit  temperature  is  calculated  from  the  calculated  tem- 
perature drop  across  the  turbine  wheel.  The  temperature  drop  is 
calculated  from  the  input  power  and  actual  flow  acrous  the  turbine 
wheel.  The  inlet /exhaust  pressure  ratio  Is  the  total  pressure  ratio 
across  the  turbine, 

« Line  10  --  The  wheel  power  is  the  power  Input  of  the  turbine  wheel 
to  the  shaft.  It  is  determined  by  adding  the  total  electrical  power  to 
the  sum  of  the  losses.  The  wheel  efficiency  is  the  wheel  power  over 
the  isentropic  power  across  the  turbine  wheel.  The  windage  power 
is  the  sum  of  the  shaft  and  wheel  parasitic  losses  deduced  from  the 
design  computer  program  and  is  a function  of  speed,  temperature, 
and  ambient  pressure.  The  bearing  friction  power  is  calculated  from 
relationships  generated  from  the  design  computer  program  and  is  a 
function  of  speed,  temperature,  and  pressure.  Roth  journals  and 
both  sides  of  the  thrust  bearing  are  included.  The  corrected  torque 
is  tho  torque  (in, -lb)  divided  by  the  absolute  inlet,  pressure  in  inches 
of  mercury. 

• Line  It  --  The  temperature  drop  efficiency  is  the  calculated  temper- 
ature drop  over  the  isentropic  temperature  drop.  It  represents  the 
potential  efficiency  if  there  were  no  flow  leakage  loss.  The  tip  speed 
is  the  turbine  wheel  tip  speed.  Shown  next  is  the  velocity  ratio  of  the 
tip  speed  to  the  spouting  velocity. 

• Line  12  --  Next  listed  is  the  total  measured  flow  through  the  turbine 
nozzle  from  one  of  the  rotometers.  Prior  calibration  of  the  roto- 
meter  provided  the  proper  constant  for  the  flow  equation.  The  inlet/ 
nozzle  pressure  ratio  Is  the  inlet  pressure  to  nozzle  exit  pressure 
ratio.  The  riozzle/exhnust  pressure  ratio  is  the  nozzle  exit  pressure 
to  turbine  exit  pressure  ratio.  The  flow  factor  is  a grouping  of  flow, 
temperature,  and  pressure,  which  is  a turbine  nozzle  performance 
characteristic. 

• Line  13  --  Next  listtyl  arc  bearing  performance  factors.  The  journal 
bearing  power  for  one  set  of  three  tilting  pads  is  determined  from 
the  measured  assembly  average  pivot  film  clearance  listed.  The 
friction  power  for  the  loaded  side  of  the  thrust  bearing  is  also  deter- 
mined from  the  thrust  bearing  loaded  side  clearance.  I loth  the 
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assembled  journal  pivot  film  thickness  and  the  load  side  thrust 
bearing  clearance  are  listed  in  microinrhes. 

A listing  and  flow  chart  of  the  open-cycle  data  reduction  computer  program 
used  to  reduce  the  MERDC  cryogenic  turboalternator  data  are  given  In  Figures 
17  and  18. 

JOURNAL  BEARING  MATERIAL 

As  described  in  the  Air  Force  Final  Report  (Ref,  5),  problems  were 
encountered  In  manufacturing  and  operation  of  turboalternators  using  tilting 
t pad  journal  pads  made  of  nitrided  304L  stainless  steel.  Air  Force  turbo- 

alternator assemblies,  Builds  8,  9,  and  10,  were  made  with  a new  design  of 
tilting  pad  journal  bearings,  fabricated  from  a prom  Ling  new  material, 
Kentanium,  Grade  185.  Since  Build  10  is  the  one  used  for  MERDC  tests 
(with  the  exception  of  the  nozzle  flange  and  alternator),  the  MERDC  unit  used 
Kentanium  bearing  material, 

VERY  LOW  TEMPERATURE  TEST 

Results  of  the  preliminary  open-cycle  tests  made  on  the  Air  Force  turbo- 
alternator assembly,  Build  10,  were  very  encouraging.  However,  the  Air 
Force  contract  was  terminated  before  further  tests  could  be  completed. 

Since  similar  tilting  pad  bearings  would  be  required  in  a turboalternator 
assembly  being  designed  on  an  ARPA  contract  (No,  DAHC-15-720C-0335),  a 
special  open-cycle  experimental  test  was  conducted  on  the  ARPA  contract, 
using  the  Air  Force  turboalternator  assembly,  Build  10,  to  operate  at  tem- 
peratures approaching  liquid  helium.  The  turboalternator  was  installed  into 
a sealed  housing  and  operated  in  the  normal  manner  on  the  open-cycle  system 
at  approximately  100,  000  rpm,  with  a 0-watt  load,  until  the  assembly  reached 
90°K.  Then,  with  a valving  arrangement,  the  turboalternator  was  gradually 
changed  to  operate  on  cold  helium  gas  supplied  directly  from  a pressurized 
liquid  helium  dewar.  The  turboalternator  continued  to  operate  satisfactorily 
with  a minimum  turbine  exhaust  temperature  of  8°K  obtained.  Essentially, 
no  performance  data  were  taken  during  this  test  because  of  the  limited  amount 
of  liquid  helium  in  the  pressurized  dewar.  The  main  purpose  of  the  test  was 
to  observe  the  operation  of  the  bearings,  by  monitoring  the  proximity  probe 
signals,  at  the  low  temperatures.  As  mentioned  previously,  the  unit  tested 
at  9,  8°K  was  identical  to  the  MERDC  unit,  with  the  exception  of  the  nozzle 
flange  and  alternator. 

This  experiment  was  successful  and  a significant  milestone  was  achieved 
In  the  development  of  turboalternators  for  cryogenic  refrigeration.  This  was, 
purhaps  the  lowest  temperature  ever  achieved  with  a turboexpander  operating 
on  self-acting  gas  bearings.  It  is  the  first  step  in  establishing  the  feasibility 
of  turboalternator  operation  with  gas-lubricated  bearings,  using  very  low 
viscosity  helium.  The  0.  8°K  helium  gas  Is  probably  Hie  lowest  viscosity  fluid 
ever  used  in  a hydrodynamic  bearing  system. 
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53  VC 

54UC  FLOWMETER  CONSTANTS 


•DO  LOCATION  WITH  RF5PFCT  TO  COMMON 


S/N  6107A469RAI  TOOF  3/4-37G- IO/RO 
3/N  6207A377VPI  TURF  I /R-P7G- 1 0 /BO 
S/N  7 1 0 7 A l 23NAP  TURK  1 /4-87Q- 10 /55 
a/N  7 1 07AI  229AI  TURF  1/3-870-10/55 


, T6  RVT-54  IJSF  GR»|  I .0 
TA  SVT-44  IJAF  1R«4.A 
, GNSVGT59  TAO  AR*I9.R 
i GN5VT4RATA0  !JR»A.R5 


660  R EAD(  I • I I ) LNO*  il  AS  # RFFT#  HOTAM 

hlQC  LEAH  CALIRHATFD  CONSTANT  W9C0N  APPLIF5  TO  SPFCIFIC 
6MC  IURRINF  WHEEL  DIAMFTFR. 

660  IKHJAS  >NE.  "HEL I UM")  GO  TO  ADO 

700  6MU«5»0I  E-Ill  PEV»0.64A»  H«|.A67l  ROBA.H  GO  TO  950 
720  600  IFYGAS  *NE*  "Ml  TROGCN" > G0  TO  B50 


7 40  RMU« 


6 S'.)  PR  Ml#" 
STOP 

9 SO  lFMEFf  . 
IHEFJ*2  J 00 
700  1 F(R  EFT 
I REFJ* l I GO 
725  PRINT." 


I PEV»0«  8701  H ■ 1 . 401  H*55. II  GO  TO  950 

PAD  INPUriGAS  IS  NFITHFR  HFLIUM  NOR  N!TROnr»,«» 

NF.  "ICE”)  QO  TO  700 
TO  77  5 

• NK#  "LN8">  GO  TO  785 
TO  77  5 

RAO  I NPIJ  fl  REFFRFNT*  E JUNCTION  IS  NFI  THPR  ICF  NOR  LN»*' 


Figure  18,  Open-Cycle  Turboalternator  Temperature  Program  (Sheet  1 of  9) 
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Mssaamtoitonimm* 


• INIMI$IIICT0IC 


0C  f HM  I 01/01/75 


StOOC  ..  T«H 

900  7 * S IKCHefAM  . F.O.  "A")  36*11.0 
W5  IK  CM0  i'Art  .Eli.  “8" ) 08*4.6 
930  IKiiO  t*4M  .Lot.  “C“>  9.4 

t:  90S  Ip<KPIAM  .CO.  “O'*'  08*6.05 
| 945  LN0*LN0 

I 960  «r.AD<I.IO>  LN0.  8L.DJ.Dr.  08.  04*  K8 

I 964C  iF<<h4$  .Eu.  “HELIUM"!  .AND.  ( DA  .ED.  0.5>)  '09OPN*A.An 

| 9650  .r<CGAS  . EO.  “ HI  fHPAFN"!  .AND.  « 08  • Ft) . O.M>  W9C PN*0ri  .<» 

£ 96/0  i Ft  t (145  .E0.  "HLL1.IM"!  .AND.  < DK  . FD.  !.l!)  W90PN»4.  A 

| 9680  i Ft  <iiAS  .FU.  » Ml  HOOCN" > .AND.  C 08  « FQ . I • 1 > > N908N* 11 .8? 

| 980  n :■  A0(  I » 1 1)  > LN0.  CMr> . JPW.  0 .>  DM.  DA 

| 9V0  C l»»l  . E*6*CMr* 

I MOO  . EA  0 ( l . I 0 ) LNO.  |)<2*  0 ) . 04.  A 

J 1080  r,  EAD(  l . 1 Q>  LN0.  I 4 r.  RLC.M4 

• 1040  Hf»l  .E*A*  (ATI  4Lfi"l .F-648L0I  Hf>«  | . F-44HP 

1060  lEAUtl.lO)  L NC . N J C l N TS 
1060  '0  (HOI)  INDFXal.N^ClNTS 

1100  >'EAU<l.»0>  LN0.O1 .01  .P0.P1  .J.H9.RI 
1100  <IIA0(I.10>  LNO.Vl.va.VO.m.A^.PI 
1140  nEAO(I.IO)  LN0.MO.Ml .N4.N5 
I I 59C 

11600  OWNS  I AN  IS 
1180  0088  I 4*. 00  I *01 
1000  OCNS I 0*  < 8 - I . )/K 
1000  :0:NJi  I . > 

1040  10*0  l 5*33000.4  60. 

10590 

13600  *****HK4F0kMAnOE  data  hfdudtidn***** 

1100  u9»6>.*CI 
1060  1*1-1  *O8*L9/70O. 

I .180 

10800  INLLT/NO0.  HKKSS.  HAT  10 
1084  iMhn*<H!*B)/((H9/I  1.6>*«> 

108AC  N00./EAIT  K6FSS.  64TI0 
1068  *NPE*<(H9/I J.6>48>/8 
1400  \*SiJM/8 
1400  T,*A*4(C0Nsr0)*l  . 

1440  JALL  rHRHWVLt  IMEFJ.MO.  10) 
l 44  5 /• l V / .O*06*U*SUKr<  <P0* . 49  I *B ) /<  H*  TO) > 

1460  :ALL  fHKHMUr'K  IHFKJ.MI  . N ) 

I46U  :ALL  rHENMC»*L<  IKFFJ.N4.  S4) 

1500  :ALL  rHEHMOHUt  HKFj.NS.SA) 

I WOO  WV»w9O0N*SUi<  r<H9*tl/Tl  ) 

I *540  I 5».  -09 

I860  G0Na I 6*48*6*7  47, 

16000  89*49/8 
1640  J0*0.S*<S44SS> 

1660  I 1 «H | /n8 
1700  I2*W«/KS 


Figure  18,  Open-Cycle  Turboalternutnr  Teniperut  ure  Prog  rum  (Sheri  2 off)) 
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SINUA10ILICTMC 


bohmi  01/03/75 


I / -!0  I3*63/«H 
1/40  li  I *VI  * l I 
1/60  (14«V2*12 
I MO  Q.l*v3*l3 
laOO  04*01  404*03 

Id  10  OV*Q4*CeNdTt>/<C0'JSTJ*C0i'IST^> 
idi s rj*n-09 

i64o  jy*.o4//*oo'iii4^.o3id*C0Msr4**e 
1830  O0N;>r«UO/|rtOO. 

1840  *0*<6.37/l  »t  4>*<-.34*6#8*C«mT-6*<?*CP9ST**9) 

I860  Jl  *K0*  1 1 *6t? 

1880  04*60*186*4 
1900  J3*60*13**4 
1940  J«*JI*04*J3 
1940  Cl  •04/<l34>J4+JV  > 

i y 60  h/*cun:>T3*k*  n*(r/<r*i . >> 

I V80  L • n«V/(Y  + | . ) 

<4000  LI  *09/6 

<4O<40  l ■ « HH  1 *7  47  . /<  3600 1 * 550  . > 

<4040  LO *0 4/  1 

.4060  V5«J/33r<r<64.4*H7) 

40  6 u Kl  *4*304 f<  I I >/SUM 
4086  N.j  ML9/vJNT<  M > 

4090  I'O  *i.l  4*3 3000  • * I ?!  • / < L9*7  47  .*g.*PI > 

4095  IOC*  ro/<i*t*9> 

4U99C 

4IJ0C  WHEFL  H0WEH 

41  40  4 1 *0y*CO  9a  |\J*C0NS  r6/n0M.3T!S 

4140  08m«8l*4.*J»»vi/-0'4-4.*0P 
4160  3**HFA 

41  40  H3«0. 491*6 

4400  8vJ«8*  n/<»*  1*1  44.  J 

4440  CALL  EAw4av»l)H#SV3»MlJ*i>J»0!N*0J»fUI»lir.*»l.0PfPl$r*fln*NP*'r)i 
4440  < 0M0»  CDS*  CO(li NKFJ#  MRFG*  DM) 

44  390 

44600  I B r AL  O l 904(1  F L038tS 
4480  O0*PLOF+PL-<F*PLOF 
449  90 

4JOOO  J0UK94L  *3 H1A <4 1 MO  FKICT109  FP0M  r>(SWF9  SOBR.  (RrOISED  I^WAT1*) 
4340  CALL  M0wF*<L9»MU«r.l«CMP,DJ»JPW,HP»PD> 

4360  BOO*  I fir *91.0 

4400  H lr,L*9.04F-5*MU*<L9*6?)*<DT6*4)*f  I . -DK**4> /BLO 

4440  •irJL*OrPL*HLC/BUC 

44390 

44400  TBIAL  8K3r<lMG  FhICTIPN 
4460  <JLfil«4.*l*D*Brf<L*l|mJL 
4479C 

44600  WHCCL  MPWEK 
4490  Jl *04+J9*J4*Q3*HLP 
44950  W8EEL.  EFFICIENCY 

Figure  18,  Oppn-C.vi  le  Turboulternator  Temperature  Program  (Sheet  3 of  0) 
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4*00  u«f«  J I .'  i 

4arf0  CALL  'RNlOuKflAS.REFT) 

0b4O  100(3  OBNIlNUf 

0 a to  » top 

4500  OPT  10 9 L0AO 
0600  UNO 

3900  ioANO'illNF  TH ENMCPLT  IHfFJ.NV#  DCflR) 

3910  REAL  *1 0 
39 40  A*I*W 

394a  (1»  10  <000# I 00  3 * IREFJ 

39 1U  100  I>(IMJ1 .967  600*<>*<46.»:mia»X*l  ..1093A4P) 

39  3 1 C POL  r 90X1  AL  RFPRE.SrNTArieN  OF  0{'P»*FR«flP9  4 TARTAR  TRFtNOeLCOIIPL'r 
19!)3C  CHARACTERISTIC.  POLTR0MI4L  A 14  MILLIVOLTS* 

j95s  oe  re  900 

4100  000  OTdK*7*>.9l0O64l*A*<  At  .93441I*M*<  *1  3 . St  44»*>r,*  K * < -\  .00  449A  ft 

4101  4 *A*( -•  >*0961  1 4«.01K04499.)«X>)>> 

41  10  OhOC*  >k OK  - 07  J . I (9 

4i  ia  oeaM9.*oEOC0S.o«.o 
41  SO  900  U».0H*460  .*OFQF 
41  6J  R C I Urt  , 

41/0  ERD 

4i««o  audi<0  n.9t  0K9iour<GA3»i<rri > 

4000  C0MM09  CI#LH  ,D«».03.i.14.i)4.D9, FI. 01.(18.(13.(14 
4-iaO  00(4(409  1 1 . 13*  13#  Jl  . J0.  J 1.J4.  JV.K1  .LO.LI  #L4 
4J00  C0MM09  01*  00*01*04*  HO.  41.  PNPF.  S4.  Sb»  Tl  • T3*  U#  IJO 
43 ao  0014(409  VI  ,V!0.  Vl.VS.vO.PlPR.K.PL* 

4J60  00(4(409  P0»  RP  » IRO.BLC.RSr.TJC.  A TPL  » L8 
4360  GOMrtp  9 00*1-49 

4 J 63  ilk.  XL  1 I > 1 3*  I3*JI  *J3*J3iJ4*J9*A1  *L0  *L  I > L9, L9 
4J6a  F I L T 9'XMF  it4a.4CFT.4OTAl4.0e4D 
4400  I F On  "IA  I < I H 1 
44  b()  i F04  44K  |HU> 

4U00  3 F0«i4Al(IH>) 

4b bO  4 FP344  I < I OR,  S3H * 

4bbl  PkIRI  4IPR1NT  3IPHINI  3 
4bS4  Prt  1 R I 3 
4b  a 4 r*  i < 1 >N  t A 

4baS  6F  | < 3 4A,  08Ha  I ROLF  ST40E  T JH4FALTFRRA  T*R> 

4b  a6  PRlRI  4.D4S 

4SS/  0F0KMO  r<  I 3A»;00M(VCR  CYCLE  PMF0RM4NCF  WITH  .44, 4M  444) 

4Sbd  IF  < .9  6 K r .13.  "ICF“>  PRJRT  10 

4bav  10 FORMA  I < 04R,  3M4  I * 4HR00M#  I OH  TEMPER* TORF) 

4660  I F ( R M f .£0,  "LRi?")  PRINT  II 

4661  IIFIHMAK.^X.aMAr  .9HCH9O0INIC.  IRH  TFMPER4TI 1RF> 

4/60  PR  INI'  i 

4000  PRINT  10 

40  bo  I 0FON(44  f { 104*1  bH*<M********«*«*t  | 4RTF4T  RFrFRFNO  r.  9 | W*4  ***•*•***♦*♦ 

4900  4*«*«**«) 

4VS0  PRINT  I 
SOdO  PRINT  14 

Figure  IB.  Open-Cycle  Turbonlternntor  Temperature  Program  (Sheet  4 of  !>) 
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IINIRAL  SlLICTIIIC 


rP.WrMd,.  im/WmtlMTJ?! ':.*,  .•  r < -• . „ 


CCfrtMf  01  /03/7  5 


It  9050  I 4K0KXA r<IOX* SHR01NT# I0X#  IHRUN# II X# 5HM0XTH# 11 X# 1M04Y > 

I 9100  fMJ.Xr  l 6*01  *08*03*04 

9190  I 6F0RN4  r<IOX»I)»IIX#I5»7X#I6*lf?X.I4) 

I 9i00  PK  1 <>l  I I 

['  91290  *»r« I N T Id 

bjoo  ioF0*<N4mox#i  m*6***6*****»i9HevFMU.  drnr0*MMrir* 

] 53 50  Ad I H**************** *****> 

3 5400  PR  1 X l 4 

\ 9450  PiXl.Xl  1 

S'  5900  r* K l N r 81) 

l 9950  aUFOrtMmOX#  IIHT0T  CL  PWH.* 4X#7HSP0#R4M#SK. 1OW0V6LL  rFF.. 

W 9900  4 9X#XMC0RK.9PI7.  > 

| 9690  PKlXI  ia*Q4#LV*L0*NSr 

I 5 700  OaFQKXAKlOK.FX^.XX.aiO.A.RX.FR^.XX.fllO.*) 

| 5*7  50  H 1 0 T I 

| 9000  PRINT  04 

I 9090  «4|T0*,l4r<  10X.  |OH*444******»B7HfLrCTHeMA0MrTI0  Prr?r04M4MCr, 

* 9900  «| 5H*******«**t*«**> 

9950  PRINT  4 
L 6000  Pul. XI  06 

j 6050  06h0KM4r<  I OX # R 6H644PHASF  VPL  T4Gf#  V0CTX***i  7X  » I 4ML.04T)  RF’R  (L-X>, 

6091  6 U#bHM6.0*CP5> 

6ioo  pr  i x r 09.  vi»  wj#o.i#r»  ,oi 

61  50  06K0IXM4TT  I 04  # F6  . H t F 6.  8#  JX  * T4. 9. , 6X  * r4.  I . I (7  X , FX  . I ) 

6000  PrINI  I 
6050  P < IX  I 10 

6300  JOF0RMA  I ( tOA#  JAH4******6*PHASFi  CURRF’X  f*  AMRS*****"****  • " <* 

6350  4I9HC04K  L099.WA  I 111 
6400  PKl  XI  IP.  II. 18. 13. J9 

6450  MF0RMAK  I OX  * FX . 4*  4X»  r/ , 4*  7 X * F7 . 4»RK*  91 R.  4> 

6500  PRl  XT  I 
6*190  PkI  XI  14 

6600  J4HJHHA  I < I OX#  J0H*6  6**'**'****PHA9F  PW4#W4TTR*  ************  6X » 

6450  AIIHICLM41).  E F F . > 

6/oo  print  w.n.oa.m.ri 

6/90  J6HMM4I*  I0X#4(F«.4#6X>> 

6000  PRINT  >. 

60  50  PRINT  38 

6VOO  JttFURMATT IOX.36M*******J0ULF  L0SS/PH4«ir.  WATTX*******  # 4X# 

6X50  XP/HTOIAL  JfULE  1.055* WATTS) 

/ 0011  PRl.Nl  40,  J|  , ja.  J3.  J4 
/.)90  40MRMAK  I JA.  4(  F«.  4»  6X  )> 

/1 00  print  I 
/I  50  PR  I xr  40 

/0OO  4 0 ORMA  f<  lJX#5IH*R***.SI.0r  TFflPS.  ******  AV/r,  RL0T  T.R  Wna  RF1/P9 

7050  PRINT  44* 94# 35. UO# HO 

7300  44r«MM‘U<  IQX*3IF9.3#5X)#IX»F9.4) 

7150  PR  I XI  a 
7400  PRINT  46 

7450  46MJRN4I  < IOX#  5tfH********7**  fiHBINf  PrRF0»»X4Nr r********************9 


Figure  IB.  ()pon-C,vcle  Turboalternator  Temperature  Program  (Sheet  5 of  !') 
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eerier  01/03/75 


7500  r*rt  1 -0 T 4 
7950  PRIN  T I 
7600  i»rt IMT  48 

7650  44K0RNAr< 10X* I0HTUN  IN  T.  R * 6X . I OH  TLH  FX  T*  4#  6X»  1 OMAC  T T OR#  *7# 

7700  A7X*  18NIN./EX.  P.R.) 

77  50  PRINT  50#  n.r3*D9#X 

7800  90  F0rmat< iox.3<r9.a.7x>.Fia.7> 

74  50  P R I N T I 
7VOO  #- •<  1 N I 58 

7950  58F0RMAT<  IUX*9MWHL»  PWR..7X.9HWNL.  EFF.#  7X»9HmN0  PWR..7X. 

7V 51  49HBHH.  PWR.t 

6000  i kc ua  .or.  i.»  lo«o>o 

bO 90  r*iUNr  34.Jl.La.U8.PLR 

blOO  94FeRMAm0X.rt.4.6A.F8.4»9X#ri  1 *4»10X*rR.4> 

61  50  PRINT  1 

4R00  •-* K I N r 56 

da 90  56F0RMA  f(  l OX#  I IMC0RR.  7040.  # 5X# 9HT • 0*  rrr.  # 7X# 0M T t P 4PFF0.4X# 

BJOO  IIOHVFL.  RATI*) 

6050  PRINT  58.  TOC. LI#  U.  05 

4400  9MF0NM4 T( BX<  Q I 1 . 4. 6X» TR. 4. 1 QX.GR . 4* 1 0X* FR . 4> 

9430  »*«  I IN  r I 
4900  PRINT  60 

4950  6OF0i<MAmOX,VHT0T.  FLOW#  5X.  I SHIN.  /NOE  .P . 4.  # SX»  1 RHN0F  . /FX . •» . 9 . XX # 
4600  6 I QHFL0W  FACT.) 

4690  PRINI  68#  W#PI PN*  PNPF..K  1 

4700  68F0RM4K IQX#FIQ«3#6X#F10*7#7X#P10*7#7X#FR»4> 

470  5 PRINT  l 
4710  PRINT  64 

471  3 64  F0RM4mOX»4HJNL*PWR..6X.  UHPI  V.  F t L . 0L . . 3X»  1 OMTH  .L«  • PW4 . . 

471 6 6 9A.0HTH.L0.GL. ) 

47  I f WVHUI "1 .E64HP1  WORDS" I • FA*FLC 
4700  PRINT  66«PD*W0KOI#STPL*W0ROi 

47  95  66F0RMA  T( I OX*  FI  I .4#  SX. FO *8#RX* FIO. 4. 1 OX#  FR.9) 

4700  PRINT  .1144167  41 PRI  NT  t 
47  30  NIC  TURN 
4400  C NO 

touoo  subroutine  powcRcsPFFn.vian.pA.o.tMA.F.HP.Po) 

IOOI0  DIMENSION  F4 1CM<  6.  7 >#  PLKt  6>  # HPOt  6)  * P(  0)»  Y <8  7 . COFFt  4 7 

10090  OAIA  FR 1CM( I *I>#FN1CM< 8* I >*FR1CM<3« I ># FRICMt 4* I ) . FRIOMt 5# I). 

10030  6FR1CMC6* l>/.7*348335r«OI .17.0077  37*  *t .044P4A7.IA.7  55I 14, 

10040  4*91  • SI  51  30#  4.10438  338  / 

100  90  DATA  FHICMt  I#a)#F«lCM<IS#8)#FRinN<3#0>#FRICw<4,9>,FRir;M(5,  «), 

100  60  4FN1CMC  #.*8)/<  $33733631*01  < I 6.340037*1  ,7199616,  .7.1944416, 

10070  *1  3. 869940.-10. 607818/ 

10040  DATA  FRICM< 1*3)* FRICMtft. 3), FRI CM<3* 3>.FRinM( 4. 3> . FRtOMt 5* 1) . 

10000  4FRICM<6»3)/.41  I I8604M0I  • I 4.638700*  ■ 1 • 361 1 66 1 * 4*  41  94416* 

10100  40. a707468»-6. 5781031/ 

101  10  DATA  FRlCM<l*4>#FHICM<2#4J#FRlCN(1*4>#FRIHM(4#4)#F4lf!M(%*4t# 

10180  4FRICM<6#4)/.46567533E-0»#1 1 .096766* 1 . 1034746. , | 9491037* 

10 1 JO  4-3. 8083788*0. 8164330/ 

Figure  18.  Open-Cycle  Turboalternator  Temperature  Program  (Sheet  G of  U) 
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01  /OJ/7  S 


QINIHAl^  IIICTHIC 


40  i n rt  i 


101  40  DATA  FH1CM<  I * 5>»  FMOMtR.lt.FRinMO,  5)»FRI0Mt  4.  D.rRICTNY  5,  5), 

101  30  4MICH<  6,  5)/.  I *49961 4E-0 I .10.1  44389,- 6.  438*9  I 1 . I ft . 784*97 , 

10160  4-21 .139434, S. 9784413/ 

101  7 0 DATA  FrtlCM<|,6>.FN!CM<»»6).r*l(TMt:i,6>,Fftir:M<4»  A),FRtOMt4.  4). 

10  UO  <MiCM<  IS,  *>/.  31  40  17  43  E-01 ,8.3  471  4389,-1  . M 437  70,  4. 5441  7 43. 

10190  6-5,1  6.17303*  1 .664  )67|  / 

10^00  DATA  FMCMM,7>.FNlGM<3.T).rRir;MC3»1>,FRICM<4.7).FRIfltiK4»7>, 

10210  AFH IGMt  6,  7 > /.  I I H 307 3 E-01  ,7 .043407  4, -9.2347  694,  6.  1913470. 

1 0240  4 • 6*009  I 9 46,  2 , 47  .141  95/ 

I023OG  /HOORAH  HWATS  4PL  1971  JTMCO  OT  390-08947-01 

102400  HIS  H.tOORAM  C9 TAINS  THK  P0Wr«  L0SS  IN  WATTS  PIT  A TP  Jff'NNAL 

10250C  CONSISTINO  0K  THNfh'  100  OFO  5H0FS  PIV0Trr>  AY  .64  AND  Ul»9* 

10)600  01 TH  HFLIOM  0A4 

102/00 

Iu2t*00  INPUT  DESCRIPTION 

102900  SPEED  » RPTAT10NAL  SPFm.RM 

103000  TEMPO  ■ GAS  TFMP . , PFO  , « < TFMP  AT  $“FFn) 

103100  s/OMArt*  MA4I  MUM  40  TA  T1 *NAL  3PFF0,  RAM 

IOJ2UO  lEMp.M  ■ OA.i  T FMP  At  SPDMAMDM  A 

H.noc  P A ■ AMBIENT  PRFSS. , PS1 A CCONST  FOR  «PTW  Sftrms) 

10.1400  » I A ■ JOURNAL  01  AM FTIR,  IN. 

103  500  OA I A sTEMENTi  (OflFFF.  OF  ROLY) 

10360(1  I)  C.lOriflN  V s LAMBDA  AT  OCNST  HP 

IOJ/jC  2 ) LAMBDA  MIN  VS  (LAMPDA  MAX) /(LAMBDA  MIN) 

IQ  JiSUC  1)  Ml'  VS  JOURNAL  01  a 

I0J9O  «■  ill  A/2  . 

1 0 AO  JO  VlhO«a.  (••!  I * I EMP  1)4  * . 644 

I 0410  p* L AMD"  6.  * v l SO* St*  EH)* { 4/0  > 99(7  /<  9 . 55* PA) 

I042U  2A  l I 9 90,1)1  HI  9J*t»A9H*P*n*SPFrO 

I 04  JO  H»HPM 


10414(1 
10  4 00 
I O46J 
104/0 
l')4nO 
10490 

1 0 sou 
10  410 

I JS/'J 

10  5.10 
I ()  >5  *•  J 
1055  0 
10  960 
109  /O 
I'ISwO 
I Oil  90 
1 0 60 ‘I 
10  61' 

I Oh.)  J 
10  6 10 


7 ) 


79 


V"  .09424  II  47 9PL AMI)/<  I .♦,0052671  549PLAMD) 
HA  IH»0 

lF<H.LT.»H)'lrt  TP  70 
H'CH.Cir..  /9)O0  TO  90 
IKTCH.UI. ,P ) « AND. <H.L  F. .25) >CALL 
1 6 f HAH  .7  ,.  4)0P  T0  400 
ll><  (H.G  I.  . ,li)  .A NO.  <M.LF.  . 7)  HALL 
IF<  HATH  .7).  4)01!  TP  400 
1 K ( H.G  ! . . 1)  .AND.  (H.LE.  .4)  >CAUl. 

I K ( HATH  ,|g.  4)00  10  *00 
1 7 < <H.0  r.  .4)  .AND.  (M»L  7*.  .4)  >CALL 
1MHAIH  4)00  T0  400 

17( (H.Of. . 9) . AND. <H.LF.  .6)) HALL 
IE<  <H.H  T. . 6) .AND.TH.LF. .7  4) )C7LL 

no  re  500 
or  7 v 1*1 , c 
COLFt  t HEKlOMt  1,1) 

CONTINUE 
4»  v 

HA  I'H* 3 


MtFRtCM,  l , .8. ,»4, V.P.y. 

FRY  FBI OM,*, .04, ,7, V.rt.Y, 1®» 

FRCFHIPM, 7 1 . 7, . 4, V,». Y, T»A* 

F»<rRlOM,4,  .4,  .4,U,I>,  V,  1*40 

KRTFRIOM.I,  .4,  ,6,0,0,  V, 

FR<  FR I OM#  6,  . A,  .7  4,0,  P,  Y,  1 »'* 


Figure  1(1,  Open-Cycle  Turboalto motor  Temperature  Program  (Sheet  7 of  fi) 
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An  assembly  drawing  of  the  MNKIH’  turboalternutnr  Is  shown  in  Figure  l!'. 


Upon  transfer  nf  the  Air  Force  turboalternutor,  Hut  Id  10,  to  the  MEHDC 
contract,  the  unit  was  completely  disassembled,  All  critical  parts  to  be  re- 
used were  carefully  examined  under  a microscope.  The  shaft  (part  7)  Journal 
bearing  surfaces  and  the  Kontanlum  journal  hearing  pads  (part  2M)  were  lightly 
relapped  to  remove  slight  indications  of  wear,  The  housing  section  (pari  t.i) 
was  drilled  and  tapped  to  reposition  the  Journal  hearing  proximity  probe 
(part  11)  to  adjust  the  probe  angle  for  viewing  the  larger  Kentnnium  journal 
bearing  pad.  New  thrust  hearing  gtmbni  pivots  were  installed  in  the  thrust 
bearing  assemblies  (ports  l.’i  and  22),  The  new  pivots  have  mating  ball  and 
socket  fits  to  reduce  the  play  in  the  thrust  hearing  assemblies,  as  noted  in 
the  Air  Force  turbonlternator,  Mutld  10, 

The  no/ sic  seal  ins|X'e»ion  test  was  made  with  the  nozzle  block  ami  new 
nozzle  flange  to  ensure  n uniform  meial-tu-metal  seal  at  the  nozzle  diameter, 
This  test  Is  described  above  under  turboaHermitnr  open-cycle  tests  and 
pci  induces. 
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Figure  ID,  TA  Assembly  Drawing  88810477 
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All  of  the  turboalternator  parts  were  ultrasonically  cleaned  and  sealed  in 
clean  plastic  prior  to  assembly  in  a clean  room  as  outlined  in  Appendix  III, 
"Turboalternator  Assembly  Procedures." 

The  thrust  bearings  were  shimmed  to  give  a total  axial  shaft  travel  of  0.  6- 
thousandth  of  an  inch  between  thrust  bearings  and  to  provide  a 1.  5-  to  2.  0- 
thousandth  of  an  inch  turbine  wheel  to  nozzle  axial  clearance.  The  journal 
bearings  were  adjusted  for  280-microinch  radial  clearance. 

PRELIMINARY  TURBOALTERNATOR  TEST 

The  turboalternator  flow  tests  described  in  the  Air  Force  Report,  (Ref.  5) 
and  results  plotted  in  Figures  75  and  76  of  that  report  were  repeated  on  the 
MERDC  assembly.  Results  of  the  tests  are  shown  in  Table  7. 


Table  7 

MERDC  TllRHOALTERNATOR  FLOW  TEST 


Tent 

(|QB  | 

“!•  Agreement 

Nozzle  calibration 
(no  turbine  wheel) 

He 

<2 

Nozzle  calibration 
(no  turbine  wheel) 

N» 

Zero  tpeed 
(with  turbine  wheel) 

He 

r,'l 

Z'j ru  s|jee<l 
(wito  turbine  wheel) 

Nn 

<6 

Initial  room  temperatures  operational  tents  (October  1973)  on  the  turbo- 
alternator  assembly  with  the  shaft  magnet  unmugnetized  and  magnetized  gave 
excellent  results.  Tests  were  made  at  speeds  in  the  area  of  100,000  rpm. 

The  proximity  probes  indicated  very  stable  operation,  and  the  shaft  orbit  probe 
signals  produced  exceptionally  small  orbits  of  30  to  40  microinchea  ut  each 
end  of  the  shaft,  very  .similar  to  Hulld  10.  The  thrust,  journal  bearing,  and 
outer  glmbal  ring  proximity  probes  also  showed  very  stable  operation,  with 
a slight  once  per  revolution  oscillation  noted.  Figures  20  and  21  show'  the 
proximity  probe  signals  obtained.  (The  faint  shadow  or  double  images  in  the 
osc.llloacupe  traces  ate  caused  by  background  noise  in  the  proximity  probe 
instrumental  ion.  1 

Alternator  Winding  Test.  Room  temperature  resistance  measurements  were 
made  on  the  MERDC  alternator  3-phase  windings.  The  average  winding  resis- 
tance was  U.  1 3 5ft  -t  0.  13"'..  The  Air  Force  average  winding  resistance  was 
12.52ft  at  room  temperature  anil  1,64ft  at  liquid  nitrogen  temperature.  Since 
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Figure  20.  Shaft  Orbits  of  MKRIK'  Turboal- 
ternator Assembly,  Operating  at 
Room  Temperature,  No  Impel,  and 
100,000  UFA,.  (Oscilloscope  Sen- 
sitivity of  proximity  probe  signals  - 
200  tain /cm.  ) 

the  same  wire  was  used  in  both  windings,  a resistance  ratio  of  7,65  would 
apply  to  both  windings. 

Figures  22  and  23  show  Ihe  sinusoidal,  3-phase  voltage  outputs  from 
the  alternator.  (The  oscilloscope  vertical  sensitivity  Is  10  volts  per  centi- 
meter and  the  sweep  is  0.  1 millisecond  per  centimeter  in  both  figures.) 

These  photographs  verify,  to  a degree,  the  low  voltage  regulation  and  the 
freedom  from  harmonics  one  would  predict  from  past  similar  experiences. 

The  terminal  voltage  appears  approximately  as  it  should  for  the  conditions 
of  this  test.. 

MERDC  Turboalternator  OpcivCyclr  Tests 

Since  considerable  room  temperature  test  data  had  been  obtained  on  the 
Air  Force  program,  it  was  decided  to  lest  this  assembly  at  temperature" 
approaching  that  of  liquid  nitrogen,  with  helium  gas,  in  the  open-cycle  test 
Station,  In  this  teat,  the  turboalternator  is  installed  into  a sealed  housing 
with  feedthroughs  for  the  electrical  connections.  The  helium  gas  to  the  tur- 
bine is  precooled  bv  flowing  the  gas  through  a roil  immersed  in  liquid  nitro- 
gen, Strips  of  plastic  material  were  attached  to  the  turboalternator  support 
strand,  to  direct  the  cold  nozzle  exhaust  gas  around  the  turboalternator  sealed 
housing,  cooling  the  whole  assembly.  A bell  jar  was  placed  over  the  turbo- 
alternator assembly,  to  isolate  the  system  from  ambient  moislure.  The  tur- 
bine exhaust  gas  still  expands  to  atmosphere. 
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Figure  21.  MMKDC  TurboHltornulor  Assembly, 

Operating  at  Hoorn  Tejniit  rat  are,  No 
Load,  and  1 00,  00 0 RPM.  (Trace  1 is 
tlii'  thrust  probe,  axial  shall  million 
brlwcon  ilirusl  lira  rings;  Tram  2 is 
I lie  journal  hearing  pad  mol  ion;  Trace 
:i  is  the  oilier  1 1 1 runt  lien  ring  gimlinl  ring 
motion,  Oscilloscope  sensitivity  of  prox- 
imity probe  signal  400  u in/cm  vertically; 
horizontal  sweep  1.0  ms/cm. ) 

The  performance  measurements  can  be  obtained  and  the  effective  aver- 
age nozzle  pressure  cun  be  measured  in  conjunction  with  other  performance 
factors.  The  effective  average  nozzle  pressure  would  be  the  pressure  In  the 
sealed  housing.  The  three  pressure  callus  obtained  from  combinations  of 
the  inlet,  nozzle,  and  exit  pressures  will  vary  with  the  velocity  ratio  in  a 
characteristic  manner. 

The  turboulternat  or  was  opera  led  for  one  hour  ai  room  temperature, 
100,000  rpm,  and  no  load,  to  purge  ll. .■  system  with  cylinders  of  helium  gas, 
The  dew  point  of  the  helium  was  -Cirri'',  The  gas  pressure  iup  connecting  the 
sealed  housing  was  disconnected  to  purge  Hie  turbunllernnlor  housing  and  the 
sealed  housing.  Then,  in  order  in  cool  the  l urbonllernator  assembly  at  a 
slow  rate,  liquid  nitrogen  was  slowly  added  to  a do  war  eonlainlng  the  cooling 
coil. 


After  2-1/4  hours  of  cooling,  the  gas  lempe  rat  lire  at  the  nozzle  inlet 
reached  lOT’K,  and  the  nllerna)  or  winding  lempe  rat  lire  was  16f>cK.  The 
turboalternator  operated  satisfactorily  al  speeds  in  the  order  of  100,000 
rpm  with  an  11-wnll  load  on  the  a liernn tor. 


Figure  22,  Alternator,  3-Phase,  Line -to - 
Line  Voltage  Output  of  MERIOC 
Turboalternator,  Operating  at 
Hoorn  Temperature,  No  Load, 
and  100,000  RPM 
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Figure  23,  Alternator,  3-Phase,  Ltne-to 

Neutral  Voltnge  Output  of  MERDC 
Turboalternator,  Operating  at 

Room  Temperature,  B.  5-Watt 
Resistive  Loud,  and  100,000  RPM 
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The  only  problem  encountered  during  cooldown  wan  that  the  leads  from 
the  orbit  proximity  probes  failed  and  the  operation  of  the  turboalternator  had 
to  be  monitored  by  the  remaining  probes. 

The  test  plan  was  to  check  the  operation  of  the  turboalternator  and  to  ob- 
tain performance  data  by  operating  the  turboallernator  in  a vertical  position, 
thrust  end  up,  with  the  nozzle- inlet-to-exhaust  pressure  ratios  of  1,4,  1.  0, 
and  2,4  (pressure  ratio  of  2.4  was  the  design  condition). 

TestB  were  conducted  by  adjusting  the  gas  flow  through  the  nozzle  to  obtain 
a given  pressure  ratio,  and  the  turboalternator  speed  was  controlled  by  vary- 
ing the  resistive  load  on  the  alternator  with  speeds  ranging  from  low  operating 
Speeds  up  to  200,  000  rpm.  Nine  data  points  were  obtained  on  MERDO  Run  100 
with  a pressure  ratio  of  1,  4 and  speeds  ranging  from  69,  300  to  211,  320  rpm. 

The  nozzle  pressure  ratio  was  then  adjusted  to  1.  9,  and  5 data  points 
were  obtained  on  MERDC  Run  101  with  the  turboalternator  speeds  ranging 
from  118,320  to  1 on,  240  rpm.  As  the  turboalternator  speed  was  adjusted 
towards  180,000  rpm  slight  roughness  was  noted  on  the  thrust  probe,  the 
journal  bearing  probe,  and  the  outer  gimbal  ring  proximity  probe  signals. 

This  indicated  that  the  shaft  may  have  been  just  touching  the  thrust  bearing 
surface,  but  in  general,  this  did  not  affect  the  operation.  At  this  pressure 
ratio  and  speed,  the  sealed  housing  pressure  was  94  inches  of  water  above 
atmospheric, 

As  the  turboalternator  flow  was  gradually  Increased  for  the  2.4  pressure 
ratio,  the  proximity  probe  signals  become  rough  und  the  turbine  speed  de- 
creased, Increasing  the  gas  flow  continued  to  decrease  the  turbine  speed. 
Then,  the  turbine  stopped,  Attempts  to  restart  the  turbine  failed, 

The  turboalternator  was  allowed  to  warm  up  to  room  temperature,  There 
appeared  to  he  considerable  moisture  present  in  the  turboalternator,  us 
evidenced  by  the  fact  that  tapping  the  support  stand  did  not  move  the  Hhuft  as 
it  does  normally,  After  purging  the  turboalternator  with  a low  flow  of  helium 
gas  for  approximately  one  hour  longer,  the  turbine  started,  Its  operation  whh 
rough  at  first,  but  smoothed  out  quickly.  All  of  the  proximity  probe  signals 
were  identical  to  those  obtained  before  starting  die  cold  tests. 

There  are  two  possible  explanations  for  unsatisfactory  operation  ut  the 
higher  pressure  ratio,  First,  the  vessel  In  which  the  unit  was  tesied  did  not 
permit  u bleed  of  gas  from  the  alternator  region  to  the  discharge  side  of  the 
turbine,  h’or  this  reason,  increased  pressure  on  the  back  side  of  the  turbine 
wheel  may  have  overloaded  the  inner  thrust,  bearing.  fThr  final  Installation 
of  the  turboalternator  included  a gas  bleed  to  counteract  this  effect, ) 

A second  explanation  is  that  moisture  was  deposited  in  the  turboalternator 
and  caused  the  shutdown.  There  was  some  evidence  of  this;  uh  the  unit  was 
being  warmed  up  and  purged  with  dry  gas,  the  bearings  appeared  Hticky  on 
the  oscilloscope  traces,  which  would  be  the  case  if  moisture  were  present. 
This  effect  wuh  present  until  some  time  ufter  the  unit,  was  fully  warmed  up, 
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FINAL  TURBOALTERNATOR  OPEN-CYCLE  TESTS 


To  complete  the  open-cycle  testing,  a second  series  of  testa  was  con- 
ducted in  December  1974. 

A number  of  gas  supply  systems  were  considered  to  eliminate  the  pos- 
sibility of  moisture  causing  the  above  problem.  It  was  decided  to  use  helium 
gas  from  a trailer  containing  40,000  standard  cubic  feet  of  helium.  The 
purity  was  guaranteed  to  be  99.  995  percent  or  better,  with  a dew  point  less 
than  "110*F  (less  than  2 ppm  water  by  volume), 

A bleed  line  and  valve  were  also  connected  to  the  turboalternator  sealed 
housing  to  reduce  the  housing  pressure  during  the  open-cycle  tests  if  required. 

The  proximity  probe  feedthroughs  were  adjusted  to  improve  the  contact 
with  the  mating  lead  connectors  and  prevent  opening  during  cooldown. 

The  second  open-cycle  test  was  started  using  the  same  procedures  for 
purging  and  cooling  as  described  above.  The  turboulternutor  operated  very 
well  during  cooldown,  and  this  time  the  orbit  proximity  probe  leads  did  not 
open.  Figures  24  and  25  show  the  proximity  probe  signals  obtained  with  the 
turboalternator  operating  with  the  nozzle  gas  inlet  temperature  of  89°K,  11“ 
watt  load  and  at  100,  000  rpm.  The  proximity  probe  signals  are  very  similar 
to  the  room  temperature,  no  load  operation  shown  in  Figures  19  and  20. 


Figure  24.  Shaft  Orbits  of  MERDC  Turboal- 
ternator Operating  in  the  Second 
Open -Cycle  Test  with  HI)°K  (las, 
11-Watt  Load,  and  100,000  RPM, 
(Oscilloscope  Sensitivity  of  Prox- 
imity Probe  Signals  200  |iin/cm, ) 
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Figure  25,  MUKDC  Turboalturnutor  Ope  rating  in 
the  Sumo  Conditions  lh  Figure  24. 

(Truce  1 is  the  thrust  probe,  axial 
shaft  motion  between  thrust  bearings; 

'l' rare  2 la  the  journal  bearing  pad 
motion;  Truer  3 is  the  outer  thrust 
bearing  ginibr.l  ring  motion.  Oscil- 
loscope sensitivity  of  proximity  probe 
signal  - -100H  in/ cm  vertically;  hor- 
izontal sweep  • t.O  ms/em.) 

As  a comparative  check,  two  data  points  were  repeated  in  MERDC  Run 
102  with  the  nozzle  inlet  to  exhaust  pressure  ratio  of  1.  4,  There  was  no  no- 
tioeable  ohange  In  the  operation  of  the  turboalternator,  The  nozzle  pressure 
ratio  was  then  Increased  to  1,9,  and  one  of  the  lower  speed  data  points  was 
repeated  in  MERDC  Run  103,  with  the  nozzle  inlet  gas  at  83°K,  29.5-watt  al- 
ternator load,  and  117,000  rpm.  This  data  point  also  repeated  very  well; 
however,  the  thrust  proximity  probe  indicated  that  the  shaft  thrust  was  Just 
barely  touching  the  thrust  bearing,  It  was,  therefore,  decided  to  reduce  the 
housing  pressure  from  59  inches  of  water  to  2 7 inches  by  opening  the  housing 
bleed  valve,  since  this  condition  would  become  worse  at  higher  speeds  and 
higher  nozzle  pressure  ratio,  The  reduced  housing  pressure  corrected  the 
thrust  operation  and  the  data  point  was  repeated  with  lower  housing  pressure 
being  the  only  difference.  The  nozzle  pressure  ratio  was  then  Increased  to 
2.  4 to  be  certain  that  the  housing  bleed  was  sufficient.  The  turboalternator 
operated  well;  four  data  points  were  laken  during  this  MEKDC  Run  104  with 
speeds  ranging  from  lGfi,  500  to  1QH,  940  rpm  und  loads  from  57.  7 to  60, 1 watts. 
The  fixed  three-phase,  "Y"  connected,  resistive  load  points  were  the  limiting 
factor  in  varying  the  speed  and  load  over  a wider  range,  Figures  26  and  27 
show  the  proximity  probe  signals  obtained  with  t lie  turboalternator  operating 
at  108,  940  rpm  and  60.  1-watt  load.  Figure  27  shows  a slight  oscillation  of  the 
shaft  between  the  thrust  bearings,  but  there  was  no  Indication  of  touching  or 
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Figure  2 0,  Shalt  Orbits  of  MUR  DC  Turboal- 
ternator Operating  with  U2°K  Gas, 
GO.  1-Watt  Load,  and  IBH.9‘10  RPM 
with  Nozzle  Pressure  Kutio  of  ,1,4, 
(Osc  lllnscnpe  sensitivity  of  pruxim- 
ity  probe  signals  • 200  u in /cm, ) 


Figure  27,  MKHI.JC'  Turboullernnto1’ Operating  in 

the  Same  C'ondlt ions  uh  Figure  28,  (Trace 
1 is  the  thrust  probe,  axial  shuft  motion 
between  thrust  beu rings;  Truue  2 is  the 
Jourmil  bearing  pad  motion;  Trace  3 is  the 
outer  thrust  hearing  glmbnl  ring  motion, 
Oseillosrope  sensitivity  of  proximity  probe 
signals  tot)  u In/cm  vertically;  horizontal 
sweep  1 , 0 ms  /cm). 
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rough  operation.  Since  the  housing  bleed  did  not  have  to  be  readjusted  at  the 
higher  pressure  ratio,  three  additional  data  points  were  taken  for  MERDC 
Run  103,  pressure  ratio  1.  9,  at  higher  speeds. 

After  the  above  data  points  were  taken,  the  turboalternator  was  stopped 
and  restarted  cold  without  any  difficulty. 

The  operation  of  the  turboalternator  was  very  successful  during  the 
second  open-cycle  test,  Results  of  this  test  with  very  dry  gas  gave  evidence 
that  moisture  was  the  cause  of  the  turbine  stopping  during  the  first  cold  test, 
and  that  the  sealed  housing  bleed  will  be  required  in  the  cryoaection  to  reduce 
the  housing  pressure  when  operating  the  tu  boalternator  with  nozzle  pressure 
ratios  greater  than  1.8. 

PERFORMANCE  TEST  RESULTS 

The  data  obtained  in  the  first  and  second  cryogenic  open-cycle  tests  were 
reduced  and  the  performance  test  parameters  were  plotted  In  Figures  28 
through  33. 

The  data  reduction  program  was  not  modified  to  reflect  the  operation  with 
the  housing  bleed  line  open,  since  only  four  new  data  points  were  obtained  in 
the  second  open-cycle  test,  with  the  nozzle  pressure  ratio  of  2,4,  A rather 
lengthy  program  would  be  required  to  establish  the  correct  parameters  over 
this  wide  temperature  range.  Therefore,  the  points  obtained  with  the  bleed 
line  open  are  identified  in  the  curves, and  their  values  should  be  considered 
as  trends,  not  actual  values.  An  indication  of  the  effect  on  the  data,  caused 
by  the  housing  bleed  valve,  can  be  seen  by  comparing  the  reduced  data  from 
MERDC  Run  103,  data  points  1 and  2.  Data  point  1,  shown  In  Figure  34,  was 
obtained  with  the  bleed  valve  closed.  Data  point  2,  shown  In  Figure  35,  was 
obtained  with  the  same  resistive  loud  and  with  the  turboalternator  operating 
at  approximately  the  same  pressure  ratio  and  speed,  but  with  the  bleed  valve 
open  to  reduce  the  housing  pressure  from  5!>  to  27  inches  of  water, 

Also,  the  equation  used  in  the  data  reduction  program  to  calculate  the 
alternator  winding  resistance  per  phase  versus  temperature  was  derived  for 
the  Air  Force  alternator  and  wus  not  modified  for  the  lower  resistance  wind- 
ings of  the  MERDC  alternator!  therefore,  the  winding  resistance  per  phase, 

‘he  Joule  loss  per  phase,  and  total  joule  loss  shown  in  Figures  34  and  35  would 
be  approximately  one  third  less.  This  would  increase  the  electromagnetic 
efficiency  slightly, 
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I'Mflure  2H.  Overall  Kffieloncy  VersuH  Velocity  Hallo 
(Helium  Gas  at  fir  K) 


KltfUrP  un.  Wheel  Hlflejency  Vermis  Velocity  Hallo 
(Helium  Uh*  al  M l K) 
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Figure  30.  Flow  Factor  Versus  Velocity  Hatio 
(Helium  Qae  at  B3°K) 


Figure  31,  Corrected  Torque  Versus  Velocity  Hath 
(Helium  lias  at  H3"  K) 
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Figure  32.  Flow  Factor  Vermin  Corrected  Speed 
(Helium  Gai  at  B3“  K) 
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I inure  .'t ii.  Kleetrical  Output  I’oWtT  Versus  Spi  cd 
(Helium  C ins  nt  M.V  K) 
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CRYOGENIC  HEAT  EXCHANGERS 


Refrigeration  cycles  which  employ  dynamic  rotating  machinery  operate 
at  lower  pressure  ratios  than  cycles  which  employ  positive  displacement 
machinery.  For  a given  refrigeration  load,  this  requires  a higher  rnaBB  flow. 
These  conditions  place  a requirement  on  the  cryogenic  heat  exchangers  for 
high  thermaleffectiveness  and  large  heat  transfer  surface  area.  An  ef- 
fectiveness of  98.  5%  1b  required  in  the  warmest  heat  exchanger  of  the  select- 
ed cycle.  An  effectiveness  this  high  implies  an  extremely  large  number  of 
transfer  units,  86,  which  also  implies  an  extremely  high  lateral  thermal  con- 
ductance. A conflicting  requirement  is  that  while  the  heat  exchangers  must 
have  high  thermal  conductances,  they  must  also  have  small  pressure  drops 
because  of  the  low  pressure  ratio  of  the  cycle, 

A type  of  heat  exchanger  considered  to  be  well  suited  for  this  application 
was  the  stacked  screen  heat  exchanger.  The  perforated  plate  heat  exchanger 
was  considered,  but  the  required  plate  porosity  and  hole  size  would  have  made 
manufacturing  extremely  difficult.  Since  stacked  screen  heat  exchangers  had 
been  successfully  constructed  in  smali  sizeB  by  Kinergetics  Incorporated, 
the  decision  was  made  to  purchase  the  heat  exchangers. 

Specifications  for  the  heat  exchangers  were  selected  based  on  analysis 
of  the  cycle,  These  are  presented  in  Appendix  IV,  "Specifications  for  a Set 
of  Seven  Cryogenic  Exchangers.  " 

DESIGN  AND  CONSTRUCTION 


r,.'he  design  and  construction  of  the  heat  exchangers  is  discussed  in  the 
vendor  report  enclosed  as  Appendix  V,  "Kinergetics  Incorporated  --  Final 
Report.  " Because  the  vendor  was  unable  to  prevent  stream-to-stream  leak- 
age in  the  cold  exchanger,  It  was  decided  to  make  this  exchanger  inactive. 

This  was  accomplished  by  blocking  it  off  at  the  joint  between  the  aluminum 
header  and  the  wire  mesh  header  section  at  the  warm  end  of  this  exchanger. 

TEST  RESULTS  ■■  KINERGETICS 

The  portion  of  the  testing  which  ask  completed  bv  Kinergetics  is  presented 
in  Appendix  V. 

TEST  RESULTS  ••  J3€NERAL_  ELECTRIC 

The  diffh  ul'ies  encountered  ;d  Kinergetiv  t,  Im  orporated  resulted  in  a 
del  a v o|  h months  from  Mm  *»(,«•<  . d date.  It  was  i mirl  titled  in  etui  .inaction 
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with  MEHDC,  that  it  was  in  tlie  best  interest  of  the  Government  to  accept 
delivery  of  the  heat  exchangers  and  complete  the  testing  at  General  Electric, 

GENERAL  ELECTRIC  TEST  FACILITY 


The  Research  and  Development  helium  test  facility  consists  of  a positive.' 
displacement  compressor,  aftercoolers,  and  leak-tight  plumbing  necessary 
for  the  testing  of  high  efficiency  heat  exchangers  and  turbomuchine ry,  It  was 
decided  to  use  this  facility  to  test  the  heat  exchanger. 

The  compressor  Is  an  Ingersoll  Rand  Company  unit,  Class  ESN-1  NI.-2, 
which  has  a solid  lu.  ri rated  piston.  The  bore  is  17  inches  in  diameter  and  the 
stroke  is  9 inches  long,  and  the  unit  can  be  operated  either  in  the  single  or 
double  acting  mode.  The  motor  is  60  horsepower,  1600  rpm, 

With  tlie  suction  pressure  above  one  atmosphere,  the  unit  is  single  acting. 
Under  these1  conditions,  the  rated  performance  for  helium  gas  is: 


(.  ’I  iaracteristic 
Inlet  pleasure 
Discharge  pressure 
Inlet  temperature 
Volume  flow  at  Inlet 
Helium  density  at  inlet 
Helium  maHS  flow 


Performance 
0.  121  MN/m"  (1  7,  6 pain) 
0.  3R8  MN/m2  (52  psia) 
332°K  (138°K) 

0.  167  m3/ sec  (39G  efm) 

0.  17  5 kg  Ini' 

32,7  g/sec 


This  mass  flow  of  M2.  7 grams  per  second,  and  the  pressure  ratio  of 
2.  95,  are  more  than  adequate  for  testing  the  heat  exchanger. 

TEST  METHOD 


The  physical  urrangement  of  the  heat  exc  hanger  test  is  shown  in  Figure 
M6.  Helium  is  supplied  from  the  facilities  compressor.  It  passes  through 
the  high  pressure  side  of  heat  exchanger  7 before  flowing  out  supply  7 to  the 
liquid  nitrogen  dewar.  The  lines  to  anil  from  the  liquid  nitrogen  tie  war  are 
insulated,  A valve  is  included  for  cont  roll  ing  the  returning  stream  pressure, 

Tiie  helium  returns  from  the*  dewar,  flows  m return  5,  and  llows  through  ex- 
changers 6 and  7,  before  returning!  othe  compressor.  Heat  exchanger  fi  has  flow  only 
I h rough  t he  I. i a pressure  passages.  A 1 1 1 mug  I*  cm  hange  r ti  dors  > on  I I'i  t nit  e t < > t h<  lov 
pressure  - si  r>  ui  n i pressure  d rop,  1 1 dor  s n ot  > out  it  lode  t o t In-  f-t  re  a in  • i < < st  re:o  o 
heat  trn  nsfer.  There  i s a bleed  from  rot  urn  I for  use  tin  ring  cool  down. 

The  t crime  futures  of  Hie  two  streams  are  measured  helot,  enticing  and 
after  leaving  Hie  heat  exchanger,  with  copper-constantan  t lie  i in<  u onpp  a in 
si'i’ti'il  'i  the  d reams.  There  is  also  a t he  r nun  ouple  on  Hie  bit  i d line  oe,o 
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f return  1.  The  reference  junction  of  the  thermocouples  used  to  measure  the 

warm  end  temperatures  of  the  heat  exchanger  are  in  an  ice  hath,  and  all 
| others  are  in  a liquid  nitrogen  bath,  Figure  36  shows  temperature  difference 

| measurements,  A T1  and  A T2,  but  these  measurements  were  not  taken  be- 

I cause  grounding  of  the  thermocouples  during  installation  made  them  inoperable 

| in  the  temperature-difference  mode  of  operation, 

| Pressures  are  measured  at  points  indicated  in  Figure  36  with  pressure 

gauges,  The  A P measurement  indicates  the  pressure  drop  past  an  A.S.M.E, 

| nozzle  of  known  diameter  to  provide  a mass  flow  measurement. 

Figure  37  depicts  the  heat  exchanger  during  assembly.  In  this  figure,  the 
vacuum  bell  jar  is  not  yet  in  place  over  the  exchanger  on  the  base  plate.  The 
tubing  to  and  from  the  cold  end  of  the  heat  exchanger  can  be  seen  to  be  curved 
! In  two  planes  at  the  connections  to  the  heat  exchanger,  This  is  to  ensure  good 

thermal  mixing  of  the  gas  in  the  tubing  before  the  temperature  measurements 
are  made.  The  nitrogen  dewar  is  on  the  right  and  the  cryogenic  valve  in  the 
cold  helium  stream  can  be  seen  to  the  lower  left  of  the  nitrogen  dewar.  The 
tubing  leading  to  and  from  the  nitrogen  dewar  was  later  insulated  with  1-inch 
thick  foam  rubber. 
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After  i n H in t testing  of  the  heat  exchanger,  it  wuh  discovered  that  the  ten- 
sion rod  designed  to  maintain  the  heat  exchanger  under  axial  compression 
was  not  loaded  to  the  proper  tension  by  the  vendor.  The  tension  in  the  rod  wan 
subsequent  1 s1  increased  and  additional  tests  were  made.  The  measurements 
made  before  the  rbd  tension  was  increased  are  referred  to  as  Test  1 in  this 
report,  and  the  tests  after  the  tensioning  are  referred  to  as  Test  2, 

'file  test  began  with  a streani-to-atreum  helium  leak  rate  measurement. 
The  Htrenm-to-Ht ream  leak  was  found  to  be  1.37  x 1. 0 “ 5 g/sec/pst  at  room 
temperature  and  near  atmospheric  pressure.  'Phis  leak  was  considered  small 
enough  to  warrant  proceeding  with  the  effectiveness  and  pressure  drop  mea- 
surements. 


The  heat  exchanger  was  cooled  by  flowing  helium  through  the  exchanger 
and  the  tiewar  of  liquid  nitrogen,  while  allowing  a portion  of  the  flow  to  escape 
out  the  bleed.  The  cooldown  rate  was  such  that  T2  and  T5  decreased  at.  a 
rate  of  2''K/mtn  or  less.  Cooldown  to  I005K  lasted  approximately  6 hours. 


Oner  the  bent  exchanger  was  cold,  the  data  wore  taken  using  the  following 
procedure.  The  pressures  were  set  at  the  desired  values,  and  the  mass  flow 
wart  ad  justed,  The  flow  stabilized  and  was  allowed  in  continue  for  approxi- 
mately 1 hour  before  data  points  listed  in  Table  II  were  taken.  In  Test  1,  the 
flash  fl\e  points  were  taken  at  or  near  the  design  pressure  ratios  while  the 
sixth  was  taken  at  the  minimum  pressure  ratios  that  could  be  achieved  with 
the  val\e  indie  tubing  leading  to  the  nitrogen  dewar  wide  open.  Tills  data  point 
wan  taken  to  observe  the  effect  of  the  pressure  difference  and  the  resulting 
leu  huge  between  streams  on  NTC  and  effectiveness. 

Table  it 
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After  the  six  points  in  Test  1 were  taken,  an  attempt  was  made  to  measure 
the  leakage  from  stream -to- stream.  It  was  found  that  the  leakage  had  increased 
so  that  it  was  above  the  range  of  the  instrumentation. 

Because  of  this  high  leakage  rate,  it  was  decided  to  attempt  to  increase  the 
loading  on  the  heat  exchanger  tension  rod.  It  was  discovered  that  the  rod  was 
under  tension  well  under  one-third  of  the  design  value.  The  rod  tension  was 
then  increased  to  the  design  value  <15,  800  lb  warm), 

During  Test  2,  additional  flow  meters  were  used  to  allow  measurement  of 
interstream  leakage  over  a range  of  several  orders  of  magnitude.  The  stream- 
to-stream  leakage  was  then  measured  during  the  Test  2 cooldown.  Table  9 pre- 
sents the  leakage  data  as  the  heat  exchanger  was  cooled. 

Table  9 

LEAKAGE  MEASUREMENTS 


Test  No. 

T2  (°K) 

T5  (°K> 

DP  (psl) 

ML  (g/sec) 

ML/DP  (g/aec/pai) 

Test  1 

298 

298 

5.6 

7.  677  x 10-B 

1.  37  x 10** 

Test  2 

300 

800 

5.  1 

3,  3 x 10‘B 

6.48  x 10-fl 

5.6 

3.  56  x 10'“ 

6.  36  x 10-a 

9.4 

6.44  x 10*“ 

6.  86  y 10-* 

9.8 

7.  13  x lO’6 

7. 27  x m-*’ 

204 

300 

10.8 

3.  03  x 10*® 

2. 81  y 10‘® 

1 1.  8 

3,  63  x lO-9 

3.08  y 10-® 

1 54 

297.5 

6.  5 

2.  02  x 10"® 

3.  12  y 10-» 

7.2 

2. 71  y I0“a 

3.  76  y 10*3 

120 

221. 5 

4 

8.07  x 10"® 

2.01  x 1 0 ~ 8 

4.  r> 

1,02  x lO-1 

2.  27  y 10'® 

5.  r. 

1.  24  < 10“l 

2.  2 x lO- 8 

128 

13H°K 

3 

2.  42  x 10* 1 

8,  07  y 10*!' 

3 

2.42  x 10-' 

11,07  y 10-p 

9fl 

202°  K 

5 

1.19  x in-' 

3.  833  y in* S’ 

in 

3.  77  > in*' 

3.  77  . 1 0 * ? 

1 2.  r> 

r>.  n , in*1 

4. 09  y 10-® 

no  flow  through  the  bleed 
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After  cooldown,  the  efficiency  and  pressure  drop  were  again  measured. 
These  are  the  two  points  listed  under  Teat  2 in  Table  B.  The  firat  was  taken 
near  the  design  pressures,  and  the  second  was  taken  with  the  valve  In  the  tub- 
ing leading  to  the  nitrogen  dewar  wide  open, 

DISCUSSION  OF  THE  TEST  RESULTS 

The  data  taken  during  this  test  were  taken  at  temperatures  lower  than  the 
design  condition  temperatures . The  section  titled  "Relating  the  Results  to 
Design  Condition,"  in  Appendix  VI,  "Heat  Exchanger  Analysis, " presents  an 
analysis  of  heat  transfer  and  pressure  drop  in  the  heat  exchanger.  Equations 
for  scaling  the  data  to  the  design  condition  are  developed. 

The  specified  pressure  drops  through  heat  exchanger  7 are  , 01!)  atm  (,  27!) 
pal)  on  the  high  pressure  side  and  .022  atm  (,2234  psl)  on  the  low  pressure  side 
at  the  rated  flow  of  7.  888  g/sec.  The  measured  high  pressure  side  drop  cun  be 
seen  in  Table  8 to  be  in  the  range  from  1.7  to  1, !)  psl. 

As  a result,  at  least  in  part,  of  leakage,  the  heat  exchanger  will  not  meet 
the  08,  Bu/«  specification  for  effectiveness.  The  measured  effectiveness  at  de- 
sign pressures  never  exceeded  02,  6%.  When  the  stream-to-stream  pressure 
difference  was  reduced  from  the  design  condition,  an  improved  effectiveness 
as  high  as  04.0%  wag  observed.  This  indicutes  that  stream-to-stream  leakage 
is  at  least  in  part  causing  the  low  heat  exchanger  effectiveness. 

The  method  used  to  calculate  effectiveness  anti  NTU  from  the  data  is 
described  in  the  section  titled,  "Data  Reduction  Computer  Rrogrum,"  in 
Appendix  VI,  The  effectiveness  calculation  is  based  on  the  average  of  the 
temperature  differences  between  streams  at  the  warm  and  cold  end  of  the 
heat  exchanger, 

Kff.rl  IvTiipMH  TaTT,-  yim T — 

m ' T4  - t:>  T:t»/a 

The  effect  of  leakage  on  the  heat  exchanger  effectiveness  is  analyzed  in 
the  section  titled,  "Effect  of  Helium  Leakage,  Thermal  Radial  ion,  and  Axial 
Conduction  on  Heat  Exchange  Performance,"  In  Appendix  \ I.  The  effect  of 
stream-to-stream  leakage  is  shown  to  increase  the  cold  end  temperature  dif- 
ference <flT2)  and  to  have  little  effect  on  the  warm  end  temperature  difference 
(ATI).  A leal,  to  the  casing  of  the  heat  exchunger  bypasses  the  low  pressure 
side  of  the  heat  exchanger  and  increases  the  temperature  difference  on  both 
ends.  The  following  approximate  equations  are  developed  in  the  same  section 
of  Appendix  VI. 

, ,i,i  N I 
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^ r|i  | 1VI  | 

^T2*  ~ * " ir  ^ur  a^reuni  to  stream  leukuge 

Applying  these  equations  to  the  data  In  Table  8 yields  some  information 
about  the  leaks  in  the  heat  exchanger.  In  Test  t,  the  large  difference  in  the 
temperature  differences  at  the  two  ends  of  the  heat  exchanger  indicates  that 
there  was  a large  stream-to-stream  leak.  This  leak  appears  to  be  substan- 
tially less  in  Test  2 after  tension  on  the  bolt  has  been  increased.  This  can 
bo  seen  from  the  fact  that  the  temperature  differences  at  the  two  ends  of  the 
heat  exchanger  are  closer  together,  A comparison  of  the  warm  end  temper- 
ature difference  in  the  two  cases  indicates  that  tht  leakage  to  the  casing  was 
not  affected  substantially  by  the  tightening  of  the  bolt. 

The  two  data  points  in  'Pest  2 show  the  effect  of  decreasing  the  stream- 
to-stream  leukuge  on  the  stream -to- si  ream  temperature  differences.  The 
ratio  &T1/&T2  is  much  larger  in  the  second  data  point,  where  the  pressures 
in  the  low  and  high  pressure  sides  of  the  heat  exchanger  were  brought  closer 
together.  This  would  be  expected  from  the  preceding  equation. 

The  firBt  Test  2 data  point  was  taken  at  the  design  pressures  for  the 
heat  exchanger.  When  the  temperature  differences  are  applied  to  the  pre- 
ceding two  equations,  a streum-to-streum  leakage  of  approximately  1/2  the 
mass  flow  and  a leakage  to  the  casing  of  1/20  the  mass  flow  are  indicated. 

The  specification  for  the  heat  exchanger  st  ream-to- stream  leakage  was 
1 0 “rt  atm  re;/ sec  at  20  psi  pressure  differential,  which  corresponds  to  approxi- 
mately 1.6  n 10’7  g/see,  The  leakage  test  results  in  Table  !)  indicate  that 
the  heat  exchanger  exceeds  the  specified  maximum  streum-to-streum  leakage 
at  room  temperature. 

Several  features  of  the  leakage  from  st  reem-to- stream  are  indicated  bv  the 
data  in  Table  !).  The  room  temperature  leakage  decreased  after  tin  rod  was 
loaded,  as  was  indicated  by  the  thermal  darn,  The  leakage  me  reuses  dramatic 
ally  with  decreasing  temperature,  'The  leukuge  was  experimentalls  found  to 
be  linearly  dependent  on  the  stream -to -stream  pressure  difference,  This  in- 
dicates that  the  leak  is  laminar.  ’The  dependence  oT  the  leak  on  temperature 
can  bo  derived  from  the  lumlnar  equation  for  the  friction  factor, 

AT  • 

fa  1/  He  where  f Trict  hm  factor  -t  (M  , * ;;r,\) 

(M,  /All) 

M o I'/T1*'*’  He  - 

u 

I)  h\drau!u  diameter 

C densd1. 

M | h akiigc 
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u viscosity 
A cross  section 
L length 

The  leakage  increases  faster  with  decreasing  temperature  than  cun  be 

explained  by  the  increase  in  density  and  the  decrease  in  viscosity  considered 
In  the  above  equation,  This  indicates  that  the  hole  through  which  the  leakage 
is  occurring  changes  geometry  with  decreasing  temperature. 

The  last  two  data  points  in  Table  9 Indicate  that  the  streum -to- stream 
leakage  is  more  sensitive  to  the  temperuture  of  the  cold  heat  exchangers 
(which  are  pressurized  but  through  which  Ihere  is  no  flow)  than  it  is  to  the 
cold  end  temperature  of  heat  exchanger  7.  This  indicates  that  the  stream- 
to-stream  leak  is  in  one  of  the  colder  heut  exchangers.  Since  the  other  heat 
exchangers  have  lower  design  operating  temperatures,  the  stream -to- stream 
leakage  would  probably  he  much  worse  wh«?n  cooled  down  to  design  conditions. 

The  next  to  last  data  point  indicates  t hat  the  heat  exchanger  would  leak 
approximately  1 / *4  the  mass  flow  from  stream  to  streum  when  operating  at 
the  design  mass  flow  and  pressures.  ThiB  agrees  fnirlv  well  with  the  pre- 
vious estimate  of  the  leakage  based  on  the  warm  ami  cold  temperature 
differences. 

The  leakage  to  the  casing  could  be  in  any  of  the  heat  exchanger.1,  and 
there  is  nothing  in  the  data  to  indicate  where  it  is.  If  tills  leak  is  also  in  one 
of  the  colder  heat  exchangers,  ii  will  increase  at  the  actual  operating 

temperatures. 
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Section  6 

RECOMMENDATIONS 

TURBOALTERNATORS 

Miniature  turboalternators  with  self-acting  gas  bearings  have  been  de- 
veloped under  this  contract  and  other  contracts  to  the  point  that  they  appear 
well  suited  for  those  applications  where  reliability  and  long  life  are  of  pri- 
mary importance.  Provided  that  a noncontaminut  ing  system  can  be  developed, 
it  appears  that  the  only  drawback  to  the  type  of  turbnalternutor  tested  under 
this  contract  is  the  relatively  high  cost.  It  is,  therefore,  recommended  t hat 
further  effort  be  devoted  to  cost  reduction  in  the  area  of  turbonlternators. 

CRYOGENIC  HEAT  EXCHANGERS 

The  difficulties  with  development  of  a heat  exchanger  of  Ihe  plastic  anti 
wire  mesh  type  are  described  in  this  report.  Unfortunately,  the  euuses  of 
the  construction  and  leakage  problems  were  not  identified  in  (bis  project.  It 
is,  therefore,  difficult  to  make  recommendations  for  further  work  on  this 
type  of  exchanger  except  to  propose  tt  more  fundamental  approach,  with  a 
detailed  analytical  and  experimental  investigation  of  plastic -to-metal  bonding 
and  differential  thermal  contraction.  Further  recommendations  can  be  made 
after  the  next  development  phase,  now  being  conducted  under  another  contract, 
is  completed, 

other  types  of  plastic  and  metal  exchangers  are  the  perforated-plate  type 
and  the  expanded  metal  t v|jes.  The  perforated  plute  type  was  rejected  for  use 
In  tilts  contract  because  of  its  high  cost  compared  with  the  wire  mesh.  How- 
ever', the  perforated  plate  heat  exchanger  has  already  been  partly  developed 
and  found  to  be  relatively  ieaktigbt,  I'erhaps  further  work  on  production  of 
perforated  plates  with  lower  cosl  would  be  justified.  Hxpanded  metal  is  a 
low  cost  beat  transfer  surface  that  lias  already  been  investigated  for  use  in 
heat  exchangers,  i’rel  im  marv  dc\ elopmetil  results  hnlieat  r t hat  sea  I mg  is 
not  it  problem  with  this  material. 

The  ideal  heat  exchanger  would  avoid  the  use  of  plastics  altogether,  thus 
alleviating  problems  of  sealing  and  differential  ront raet  ion.  An  all-metal 
exchanger  using  w ire  mesh  bonded  to  thin- wall  dainb  ss  steel  tubing  has  been 
partiallv  developed.  This  type  "f  exchanger  would  be  espee  in  1 1\  useful  in 
ss  stems  with  tb»*  higher  pressure  ratios  that  are  ( haraetenst  ie  of  positive 
d i s plan*  men'  i ornpresso1- in  tliose  systems,  I*  >ng  d udinal  heat  eondih  lion 
and  fh>w  maldistribution  in  heat  cm  hat  grr*-  . n not  a-.  seu"i  a problem  .as 
Hic\  are  in  mv  stems  with  low  pressure  ratios.  !'  1 s rn  mn  trended  t hat  furtner 
de  \ r | opti  tent  of  ■.  1 1 mei  a I w i r r n ie  sh  e X t hiilige  s l u-  eond u<  t ed.  I li  I s de  . e lop 
ment  would  t>r  i om  e i n«-d  nr  i ma  i b.  with  met. H oiong  /•<  hn  i cie-, , e-penallt 
ii  . the  taade  i , e g e m.  an  I with  < .on  a on  » ;ag  ai.d  i e mg  !'.d  I s ; ed  an  it 
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APPENDIX  I 

PRELIMINARY  TURBOALTERNATOR  DESIGNS 


Cycle-study  computer  Run  47!).  Figure  5,  established  the  t u rbou It e motor 
requirements  shown  in  Table  10.  Also  shown  in  this  tuble  tire  principal  turbo- 
ulternator  design  parameters  given  by  the  same  run,  The  three  power  outputs 
and  overall  efficiencies  must  match  the  cycle  requirements.  These  turboul- 
ternators,  of  course,  were  not  optimized  in  t he  cycle  study:  hence,  the  wheel 
tip  diameter,  ndmissiun,  and  speed  are  shown  only  for  reference  purposes. 

Complete  turboaiternator  design  studies  were  conducted  Fur  nil  three  of 
the  stages  for  t lit?  required  cycle  conditions.  The  best  ope  rating  geometries 

Table  10 

TUR MOAI.TKH N ATOK  DFSK1NS 
From  Cycle  Study  Run  47h 


Cycle  Study  Parameters 


Turboaiternator  Inlet  Temperature 


170' K 


Inlet  temperature  ('  It) 

2f>.  2 

Inlet  pressure  tpsia) 

41.2 

Inlet  pressure  (atm) 

2.01 4 

Outlet  pressure  (psia) 

17,  22 

Outlet  pressure  (utru) 

1.  1U2 

Moss  flow  (lli  hr) 

:>ii.  i;  t 

Mass  flow  (lb  sec) 

0.  007  J 

Mass  flow  (g  sin  ) 

:tii 

ills  | 

1 { Hi  i fc  r ;it  1 1 r power  output  I •atl-.l 

2 7,  14 

Overall  rel'riL'erator  ello  iene\ 

it, 

( I rrii  t ion' 

i\  lie.  l t Ip  di.i  II .'  te|  1 if..  It) 

0,  .00 

S l|MU  H S lilt!  ( ! I'll'  * 1 on  i 

0.  0 1 i- 

Speed  I I'p'i  1 

I ! it,  oott 

u,  oo:q> 
■ . -iff. 

r. 

o :t.i  i 


U.  001  1.14 

o.  7:m 

•>  1 ::!• 

o. 

i on 

it.  10. » 
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wore  established.  I lif  0.  li2f>-im  h-dianiotcr  turhinc -wheel  s;/e  was  cvaluau  d 
for  the  17U  K turbine.  An  initial  .issi'inbly-draw  inr,  lavmit  was  made,  ami  the 
expected  mechanical  arrangement  wus  established.  The  tilting-pad  journal- 
bearing  designs  were  examined  for  all  three  singes,  and  eunside rations  lor 
the  thrUBt-lioaring  designs  wore  reviewed.  Limiting  conditions  on  thr  lurliiuo 
wheel  wen*  examined  lor  stress  and  deflection  lor  all  three  wheels*  and  a 
complete  anulvsis  was  made  for  the  0.  50-ineh-diameter  turbine  wheel  ol  the 
H°K  turbine.  A review  was  then  made  of  the  two  alternate  approaches  for 
designing  and  constructing  the  170  K turlwaltornator  stage,  and  eonsideration 
was  given  to  the  use  of  an  existing  Government -furnished  unit. 

The  three  designs  that  were  recommended  are  shown  In  Tattle  11.  A 
0,  (1125-ineh-dianieter  wheel  design  is  also  shown  for  the  17U"K  tui'hine.  Tlie 
t!.  S,  Army  Itirhlne  referred  to  is  the  unit  previously  const  runted  under  l1.  S, 
Army  Contrai  l No,  I lAAKOil -OH- 1 '-O.'filO,  This  unit  has  a wheel  diameter  of 
0.62 r»  inch. 

TbRBOAlTERNATOR  DESIGN  GOALS 


One  goal  for  the  turlioalternatoc  designs  was  to  use  idenlietil  parts  wher- 
ever (sissthle  in  all  three  I urhoalteriudors,  I’arlher,  the  design  of  (hr  exlsl  - 
tng  small  frame  sire  tu rhoalternator,  eonst rueied  under  a t'.S,  Air  I'oree 
eont  ruc.M, was  used  wherever  possible,  to  limit  the  need  for  new  drawings, 
(ieometrv  aspect-  of  the  small  frame  sl/e  were  incorporated,  wherever  pos 
sihle,  in  Oit'  i f ie  studies  and  the  suhseipient  aetual  design  of  the  Individual 
t urboalteriintoi's.  It  was  therein  hoped  that  milv  the  movie  and  turhme  wheels 
would  he  different  from  unit  to  unit,  I'he  purpose  of  the  dcslrti  approach  used 
was  lo  mattitam  low  tlesirn- point  s|>oci|,  so  the  higher  initial  operating  speed 
at  room  temporal  are  would  provide  a reasonabls  larite  power  output  for  fast 
cooldown,  lloldmj  the  do.-im  -,|iced  low  i nn  al-o  t'edm  e the  bearing  losses 
because  beaner  basses  increase  with  -peed  and  will  \ar\  with  individual  unit 
assemblies,  Adeipiatol  v cheek  lor  the  beannu  sett  mrs  and  asmirmt  tliat  the\ 
a re  i d t lie  d*  - i i i d les  i rn  < de.i  t'; dices  I - st  il  I urn  o id  a in,  I lem  • , it  tin-  lo  s i ie 
speed  i low,  di<  risk  id'  on  urrmr  a larre  beariur  lo--  'roe  part  a ubi' 
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The  design  approach  anticipated  for  the  turboalternators  has  been  to  use 
the  laminar-flow,  radial- impulse  turbine  blades  that  have  a converging  flow 
passage.  This  flow  passage  is  considerably  different  from  that  previously 
used  on  the  early  General  Electric  and  U.  S.  Army  turbine  wheels.  These 
early  turbine  wheels  used  a constant  cutter  diameter  to  form  the  blade  pro- 
files, and  therefore  there  was  a constant -flow,  cross-sectional  area  between 
the  turbine  blades.  This  cutter  diameter  enters  into  the  design  program  cal- 
culations and  also  the  performance  of  the  overall  turboalternator  and  is  a 
significant  computer-program  design  variable.  All  the  turboalternator  de- 
signs were  therefore  considered  with  a nominal  cutter  diameter,  so  the  trend 
in  efficiencies  could  be  seen  alon*  with  the  blade-height-to-cutter-diameter 
ratio.  This  ratio  is  a significant  consideration  because  it  is  an  index  to  how 
time-consuming  and  costly  it  is  to  cut  the  particular  turbine  wheel  with  the 
miniature-tracer  milling  system  used, 

DESIGN  FOR  1 A TURBO  ALTERNATOR 

A number  of  runs  were  conducted  UBing  the  design-point  computer  pro- 
gram that  designs  partial- admission  radial-impulse  turboalternators.  Over- 
all results  are  shown  In  Table  12,  where  various  nozzle  angles  were  used 
in  conjunction  with  a 0,  50-inch-dlameter  turbine  wheel.  For  the  coldest  tur- 
bine, it  Is  desirable  to  maintain  a small  turbine-wheel  diameter,  to  keep  the 
design  operating  Hpeed  up  to  a reasonable  level;  however,  previous  experi- 
ence in  manufacturing  and  assembly  has  Indicated  that  the  turbine  wheel 
diameter  should  not  be  below  0.  50  Inch,  In  this  particular  design,  there  Is 
no  apparent  reason  that  the  turbine-wheel  diameter  should  be  larger  to  de- 
crease the  design  speed  further.  This  table  shows  the  variety  of  changes 
within  the  design  before  the  final  design  basis  was  adopted;  60,000  rpm  is 
the  best  design  speed,  along  with  a nozzle  angle  of  80  degrees.  The  overall 
efficiency  is  a few  percent  higher  than  the  design  requirement,  providing  a 
design  contingency.  A configuration  of  23  blades  Is  best  for  high  efficiency, 
which  also  results  In  a blade  height-diameter  ratio  of  2.0.  The  fact  that  the 
23 -blade  configuration  is  the  most  efficient  one  is  contrary  to  what  has  been 
seen  on  other  designs,  where  a larger  number  of  blades  can  Improve  efficien- 
cy. The  last  two  columns  show  the  change  In  axial  clearance  efficiency.  An 
efficiency  gain  of  about  two  percent  can  be  obtained  by  decreasing  the  axial 
clearance  from  2.0  to  1,0  mil. 

Table  12  indicates  that  there  is  a trade-off  between  the  nozzle  angle, 
speed,  and  blade  height-to-diameter  ratio.  The  larger  nozzle  angle  increases 
the  blade  height  to  accommodate  the  flow, 

A complete  printout  of  the  adopted  design  point,  computer  run  4701007, 

Is  shown  In  Figure  38,  which  shows  all  of  the  significant,  input  and  output 
Information.  The  Journal-bearing  clearance  and  power  loss  compare  rea- 
sonably well  with  that  for  a similar  run  with  the  tlltlng-pad  gas-bearing  se- 
lector program  of  the  Franklin  Institute  Research  Laboratories.  Of  course 
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Table  12 


DESIGN  VARIATIONS  FOR  14eK  TURBOALTERNATOR 


Detifn  Parametcro 

Run  1 

Run  9 

Run  9 

Run  4 

Run  6 

, Run  7 

Run,  8 

Noiil*  angle  ld#g> 

76 

‘ 76  ■ . . 

78 

78 

to 

90 

60 

Spaad  (rpm) 

00. 000 

66,000 

06,000 

00,000 

00, oco 

90,000 

90,000 

bvartll  affleUmcy  (fraction)  '■■■' 

0.4670": 

6.4061  : 

0,4069 

0,4117 

^ 0,4140; 

0V4194- 

0,4990 

Number  of  bladaa 

29 

23 

' 9)  ' 

93 

97 

93 

99 

Nominal  cutter  diameter  (In.) 

0.03061 

0.09061 

0.03061 

0.09081 

O.Ottl 

0.  03061 

0.03061 

Blade  height  (In. ) 

0,0609 

0.0506 

0.0603 

0.0641 

0,0701 

0,6701 

0. 06H8 

Blade-he  lght-to  - cutter  'diameter  R atlo 

1.70 

1.  TO 

1,70 

1.66 

9.69 

3.00 

1.99 

Axial  clearance  (in.) 

0. 003 

0.009 

0,009 

0,009 

0.  009 

0,  002 

0.001 

* Adopted  as  preliminary  d«sign  point,  j 

there  should  be  a good  correlation,  because  the  design-point  computer  pro- 
gram for  the  turboalternator  Incorporates  the  tlltlng-pad  gas  journal-bearing 
selector  program.  However*,  there  is  a slight  difference  In  the  value  of  the 
turboalternator  design-point  program,  which  shows  a journal  friction  of 
0.  09007  watt,  while  the  bearing- selector  program  shows  a power  loss  of 
0.  0875  watt.  The  actual  total  power  Is,  of  course,  the  sum  of  both  Bides  of 
the  thrust  bearing  and  both  journal  bearings.  In  the  design-point  computer 
program,  only  the  one  loaded  aide  of  the  thrust  bearing  has  been  Included. 
Both  tho  thrust-  and  journal-bearing  film  thicknesses  do  show  reasonable 
values:  the  thrust-bearing  film  thickness  (loaded  side)  Is  around  400  micro- 
inches, and  the  journal  pivot-film  thickness  Is  shown  to  be  about  140  micro- 
inches. 


DESIGN  FOR  S5\  TURBOALTERNATOR 


The  first  series  of  design  studies  was  conducted  with  a 0.  70-inch-dlameter 
wheel,  as  was  used  In  the  cycle-design  program.  With  an  80-degree  nozzle 
angle,  the  best  speed  was  determined  for  a 43-blade  turbine  wheel  (Table  13), 

A worthwhile  Increase  In  efficiency  could  be  obtained  by  decreasing  the  speed 
from  the  161,700  rpm  calculated  by  the  cycle  computer  program,  because  the 
cycle  program  optimizes  the  turbine  on  the  basis  of  aerodynamic  efficiency, 
and  the  parasitic  losses  are  not  Included  In  this  optimization.  Inclusion  of 
the  parasitic  losses  lowers  the  predicted  speed.  It  can  be  seen  that  with  a 
0.  70- Inch-diameter  turbine  wheel,  the  efficiency  can  easily  exceed  the  cycle- 
design  requirement  of  0.  374,  At  130,000  rpm  the  predicted  efficiency  Is 
0.403. 


A second  wheel  diameter  was  Investigated  with  the  possible  prospect  of 
adapting  the  existing  U.  S,  Army  turboalternator  with  a wheel  diameter  of 
0.  628  inch.  Table  13  shows  the  turboalternator  design  results  representa- 
tive of  different  speeds  with  different  numbers  of  blades.  It  Is  seen  that  the 
computer  program  predicts  efficiencies  greater  than  the  cycle-design 
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TURAJALTER-NATOR  PARTIAL  ADMISSION  K-VMAL  IMPULSE 

design  point  computer  outpui 


DESIGN  CASE  4791007 


REFRIGERATION  PWr  OUT  (WATTS) 
ELECTRICAL  POWER  OUTPUT  (WATTS > 
SPEED  (RPM> 

OVERALL  EFFICIENCY  (FRACTION) 


o.ayYaJE+u.-j 
<J.a->P2E+03 
0.90DOK+ J$> 
C)»  41  6‘ 46+00 


TEMPERA  TURE5«PR£3SURE:»*  FLOW 
ISLET  TEMPERATURE  (R) 

INLET  TEMPERATURE  (K) 

OVERALL  TEMPER A TORE  DROP  (R> 
OVERALL  TEMPERA  T UK fi  DROP  <K> 
OUTLET  TEMPERATURE  EXIT  ( R> 
OUTLET  TEMPERATURE  EXIT  <K> 

INLET  PRESSURE  (PSIA) 

INLET  PRESSURE  (ATM) 

OUTLET  PRESSURE  (PSIA) 

OUTLET  PRESSURE  (ATM) 
PRESSURE  RATIO 
FLOW  CLS/SKO) 

CLOW  (LR/HR) 

FLOW  (fl/SE C) 

PRHA<Y  DIMENSIONS 
WHEEL  TIP  DIAMETER  (IN) 
NUMBER  OF  BLADES 
A LAD  HEIGHT  (IN) 

THRUST  A EARING 
LOAD(L  3S*  > * 

OUTSIDE  Dl AMET£R(  I N)* 

DIAMETER  ratio 

CLKA  i * TO  Dl  A » RATIO 

LOAD  COEFFICIENT 

GEARING  NUMBER 

CLEA  -,A  NOE»  LOADS  I DE(  IN) 

FRICTION  PaWER(WATTS) 


Q.2W0E+0B 
0. 1 4J0F.-KM 

o.  noiE+oi 

0*1  7<J3F>0 1 
0.RR1 OK+OR 
U.  lHUSh>0:2 

0.4l<2Gfi>0<2 

0«3*03K+OI 

o.  i Ud£+  ua 

0. 1 1 72E+0 1 
0.54093F+0I 
0. 7 400 £-0a 
O.R/SS4E+OS 
0.  VIAOE+Ol 


0. SlOUC+QO 
O.R  iiJOE+Oa 
0*  70O7C-0I 


0. D> 3SE-01 
O.D7  40E  + 00 
0.!V)02E+00  -S 

0./OD0E-03  1 

O.ISlMF-Ol  .< 

D • Oil  NE+OO  ; 

0*4UISK-0S  ) 

0.VS6JK-U1  ] 


JOURNAL  HEARING 
LOAD (LBS*  ) 

LOAD  COEFFICIENT 
BEARING  NUMBER 
CLEA:*  TO  Dl  A * RATIO 

machined  clearance  < i n> 

iUV.  FIuM  THICR(IN) 
FRICTION  POWER  (WATTS) 


0 • *iV  67E"0  I 
0. 5US9E-01 
0.6027E+QJ 
0 • 740DE-U 3 
0* 1931 E-03 
0 • I 41 6E-U3 
D.YD07E-01 


CH-216B-1 
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Figure  SB.  Design  for  14°K  Turboalternator  (Shed  1 of  3) 
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4791007 


! PRIMARY  L0S3ES 

ALTERNA T0R  T0  TAL  (WATTS) 

| SUM  0F  FRICTION  L0SSES  (WANS) 

l TW0  STAGE  PERFORMANCE 

OTHER  STAGE  IN  TEMP  (K> 

TOTAL  HEAT  LEAK  (WATTS) 

EXIT  TEMPERA  TURE  <K) 

SHAFT  HEAT  LEAK  (WATTS) 

1 HOUSG  HEAT  LEAK  (WATTS) 

i 

l GAS  SEARINGS 

‘ HOT  A T I NO  ASSEMBLY  WEIGHT  (LBS) 

I ACCELERATION  OF  GRAVITY  C"G**> 

f T0T.  IB  EAR  IMG  FRICTION  (WATTS) 

f 

j PERFORMANCE  TERMS 

1 ISEN TROPIC  HEAD  (FT) 

■ HYDRAULIC  EFF.*  FIRST  TERM 

HYDRAULIC  EFF ■ * SECOND  TERM 
HYDRAULIC  EFF.*  THIRD  TERM 
TIP  CLEARANCE  EFF.  CORRECTION 
TRAIL  EDUF.  EFF.  CORRECTION 
BLADE  RE.  NO*  EFF.  CORR. 


D.2I2AE+0Q 

0.6367E+00 


1400E+02 

1 aaaE+oa 


S933E-01 

lODOE+Ol 

2758E+00 


7 I 54E+U  A 
5963E+00 
J Dli»J0 
3iai)E-0  4 
9S63E+00 
*991 E+JJ 
1 00  5E+0 1 


ALTERNATOR  GAP  FLUX  (KGAUSS) 
ALTERNATOR  CORE  LOSS  CO  EFF. 
ALTERNATOR  COPPER  LOSS  CO EFF. 


0. 3357E+J! 
0.0S4BE+01 
U.713JE+U<! 


TEMPERATURE  WHEEL  F.XIT  GAS  <R> 

N0£ . DISC.  VOLUME  FLOW  UFS 
TURBINE  BLADE  OISC  VOL . FLOW  <CFS> 


0.2801 E+OR 
0.2>207E-01 
0.RS.J3E-Q1 


PERFORMANCE  FACTORS 
TIP  SPEED  T3  SPOUTING  VEL. RATIO 
8LA0E  INCIDENCE  A, NULL  (DEGREES) 

no^slf  coefficient 

SPECIFIC  SPEED 
SPECIFIC  DIAMETER 
FLOW  FACTOR 


0.08P5E+0;) 

0.I0S2E+DR 


9030 E+OQ 
17S9E+02 
8AOSE+01 
l S9AE+01 


WHEEL  EFFICIENCY  (FRACTION) 
HYDRAULIC  EFFICIENCY  (FRACTION) 
ELECTROMAGNET  EFF.  (FRACTION) 


D.4282E+00 
0.4953E+00 
0 .993DE+00 


I SEN  TROPIC  POWER  (WATTS) 
WHEEL  POWER  OUTPUT  (WATTS) 
SHAFT  POWER  OUTPUT  (WATTS) 


0 . nUAE+DO 
0 • 307  6E+DR 
0.301 3E+0P 


CR-216B-2 


Figure  38,  Design  for  14°K  Turboalternator  (Sheet  2 of  3) 
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DESIGN  CASE 


AHUJO'l 


PARAS!  TIC  L0SSES  (WATTS) 
TURBINE  DISC  FR1CTI0N 
J0URNAL  OIAM  SHAFT  FRICTION 
ALTERNATOR  OAF  FRICTI0N 
SEA  KING  FRICTI0N 


0.134JE*00 
0.B192E+0D 
0.17  SBE-Ol 
0 .27S86*UD 


GEOMETRY 

WHEEL  TIP  CLEARANCE  UN) 

BLADE  PASSAGE  CUT  TEH  I)  l AM  E TEH  (IN) 
BLADE  MAIL  I MU  EDGE  THICKNESS  (IN) 
ADMISSION  AHC  (FRACTION) 

ADMISSION  AHC  ( DEGREES ) 

N0££L£  ANGLE  ( DEGREES) 

BLADE  ANGLE  (DEGREES) 

BLADE  CHORD  (IN) 

WHEEL  INSIDE  DIAMETER  (IN) 

BLADE  PRESSURE  SURFACE  RADIUS  UN) 
BLADE  SUCTION  SUN FACE  KADI  US  (IN) 


0.2U00E-G2 
0*301 5K-0I 
0.4000E-02 
0.271 4E+QJ 
0.9772E+02 
O.BODOE+02 
0.64N0E»0R 
0.9909E-U1 
0. J018E+U0 
0.5476E-J1 
0.2461  E*0  I 


TOTAL  MACHINE  SHAFT  LENGTH  (IN) 
JSUHNAi.  oHAFT  DIANE  TEN  UN) 
JOURNAL  FREE  SHAFT  LENGTH  (IN) 
ALTERNATOR  OIAME  TEN  UN) 
ALTERNATOR  MAGNET  LENGTH  UN) 
ALTERNATOR  PERIF.  SPEED(F.P .3. > 
ALTERNATOR  HADIAL  GAP  (IN) 

STA TON  09 EH HANG  (IN) 

STATOR  LAMINATION  UIA.  (IN) 

WHEEL  BACK  SIDE  UPTIMUM  GAP  UN) 


0.2  660K*01 
0.2610E+00 
0.1 )66F>0I 
0.2610E*00 
O.jmE+OO 
0.IU26E+03 
0.1  W1E-01 
0 * 4SD2Ea0  I 
O.V448h>DD 
0.86fUE«02 


VEL0CI TIES 

SP0UTINU  \/EL0Cirr  <FPS) 

IN0S4LK  DISCHARGE  VELOCITY  (FPS) 
BLADE  INLET  RELATIVE  VELOCITY!  FPS) 
BLADE  INLET  HADIAL  VELOCITY  (FPS) 
BLADE  INLET  RELATIVE  MACH  NUMBER 


0.6  /dSE+03 
0.61UVE+03 
0.I097E+03 
0.1061 S+03 
0.1  7 4DE*00 


REYNOLDS  NUMBERS 
BLAOk.  PASSAGE  REYNOLDS  NO. 
TURBINE  DISC  REYNOLDS  NO. 
JOURNAL  DIAMETER  REYNOLDS  NO. 
ALT CRN A TOR  GAP  REYNOLDS  N0. 


0.6390E+03 
U.6U4JE+U6 
0 » I B6SC+06 
0.8/765+0^ 


DRAG  COEFFICIENTS 
TURBINE  DISC  DRAG  COEFF. 
JOURNAL  DIAMETER  DRAG  C0EFF. 
ALTERNATOR  GAP  MOMENT  C0EFF. 


0.6139E-02 
0. 4R7HE-0R 
0.1 J960D2 


CR-2169-3 


Figure  38.  Design  for  14®K  Turboalternator  (Sheet  3 of  ,3) 
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Table  13 

| DESIGN  VARIATIONS  FOR  55°K  TURBOALTERNATOR 


Run 

Noaele 

Angle 

(deg) 

Speed 

(rpm) 

Ovarall 

Efficiency 

(fraction) 

No, 

Blades 

Nominal 

Cutter 

Diameter 

(In,  i 

Blade 
Height 
(In. ) 

Blada-height- 

to-cuttor- 

dlamoter 

Ratio 

Axial 

Clearance 

(in.) 

Wh«' 

PBTfSSffl 

in  0. 70  In 

ch 

■ ■ 

1 

80 

180,000 

0.3740 

19 

0. 08157 

0. 0689 

3.06 

0,008 

3 

80 

1S8, 000 

0.  3837 

D 

0, 08157 

0, 0886 

3.05 

0. 008 

3 

80 

150,000 

0,  3800 

wM 

0.  08157 

0.  0867 

3,05 

0.008 

4 

80 

145,000 

0.3968 

43 

0,  08157 

0,0857 

3.05 

0.  008 

8 

80 

140, 000 

0,4008 

43 

0.  08187 

0.0886 

3.04 

0.  008 

6 

80 

135,000 

0.4031 

43 

0.  08167 

0,0855 

3,04 

0.008 

7 

80 

130, 000 

0.4033 

43 

0,08157 

0.0886 

3,04 

0.  008 

Wh«< 

it  D lam  at 

in  0.825; 

nch 

8 

80 

130, 000 

0.  3949 

n 

0. 08853 

0.0BS8 

9,  93 

0.  008 

9 

80 

135,000 

0.  3970 

|p. 

0,  08853 

0,0687 

3.03 

0.  008 

10 

80 

140,000 

0,3983 

H 

0,08863 

0,  0687 

3.03 

0.  008 

11 

80 

145,000 

0,3988 

37 

0. 03863 

0.  0687 

3.  03 

0.  002 

12 

80 

145,000 

0.3011 

31 

0. 08787 

0.0687 

3.38 

0.008 

13 

30 

148,000 

0.3899 

as 

0.03889 

0.0686 

3.80 

0.  003 

Whei 

•1 D lam  st 

in  0. 79  In 

ch 

14 

80 

135,000 

0,3996 

47 

0.  08107 

0,  0687 

3.  18 

0.  008 

18 

80 

130,000 

0.4084 

47 

0,  08107 

0.0656 

3.  13 

0.  008 

16 

80 

185,000 

0,4048 

47 

0. 03107 

0,0696 

3.  18 

0.  002 

17* 

80 

180. 000 

0.  4038 

47 

0. 03107 

0,0654 

3.  18 

0.002 

18 

80 

180, 000 

0.4081 

53 

0,01833 

0,0656 

3.  60 

0,008 

19 

80 

180, 000 

0.4016 

43 

0.  0334 

0,0657 

3.80 

0.003 

30 

BO 

180,000 

0.4334 

47 

0. 03107 

0,0654 

3.  13 

0.001 

♦Adopted  «■  preliminary  dealgn  point  CR81741 


requirements#  but  not  as  great  as  in  the  larger  0. 70-inch  turbine  wheel  design. 
Operating  at  a higher  speed  is  also  not  as  desirable, 

A third  wheel  diameter  was  considered  for  this  second-stage  turboalter- 
nator, as  shown  at  the  bottom  of  Table  13,  With  a 0.  75-inch  turbine  wheel 
diameter,  a variety  of  computer  runs  was  made,  with  a varying  number  of 
blades  and  some  changes  in  design  speed.  It  is  seen  on  the  table  that  slight 
variations  will  produce  the  expected  trends  of  slightly  increased  efficiency, 
with  a larger  number  of  blades.  There  Is  no  compelling  reason  to  choose 
one  of  these  designs  over  the  other;  however,  it  is  desirable  to  maintain  low 
design  speed,  to  minimize  bearing  losses  and  provide  an  adequate  speed  mar- 
gin for  much  faster  refrigerator-system  cool-down.  The  recommended 

BO 
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design  i si  '>\vn  :n  fable  l.i,  Kim  17,  wln-re  IT  Idudes  nrc  required  for  a o.  75> 
inch-Uiumet >-i'  turbine  wheel  op<‘t  ut  big  at  120,000  rpm,  A complete  printout 
of  the  drsig  i for  ibis  .rir>'  K turlxinlternatnr  is  shown  in  Figure  Ill), 

DESIGN  fOR  17CfK  TURSOALTERNATOR 

fable  I I shows  u summary  of  the  Uirboo Iternutor  computer- program 
designs  conducted.  The  first  set  oi  computer  design  results  Is  shown  for  a 
0.  (12  ft*  inch  - diameter  turbine  wheel.  Thin  wheel  diameter'  was  selected  be- 
cause of  the  possibility  of  visln  ; Ihe  existing  U,  S.  Army  turboalternator,  'fire 
design  show  s thru  the  required  efficiency  of  0,  ,’10(12  apparently  can  be  met 
with  a Htnal i margin  but  with  a very  high  design  speed  of  2<‘i0,  000  rpm.  Of 
course  litis  design  speed  allows  liltle  opportunity  for  a wide  murgin  from  un 
initial  cooldown  speed  on  the  order  of  250,000  rpm,  Figure  40  shows  a com- 
plete design -program  computer  printout. 

Table  14 

hKSKiN  V AH  1 AT  IONS  FOR  170' K TUUtlOAl.TKUNAM'OR 


mad* 

Haight 
Un. ) 


0,  Or  1 9 
0. 0018 
0,0618 
0. 0618 

o.oeai 
0.0(110 
0.0618 
0,0618 
0.0617 
0.0617 
0.  0617 
0,0617 


Noz.r.le 

Angle 

<deg) 

Speed 

(rpm) 

Overall 

Efficiency 
(free  iicm) 

No. 

Hlndt'a 

Diameter  0,026  Inch 


'00,000 


80 

180,000 

80 

170,000 

80 

150,000 

80 

too, 000 

80 

1 50, 000 

80 

150,000 

80 

150,000 

80 

160,000 

0.  3166 


0.  02283 
0.  02283 
0.  02263 
0.  02263 

0,  0326 
0.  0325 
0.  0326 
0.  0325 
0.  0204 
0.  0256 
0.  0226 
0.  0104 


0.  002 


CR-2178 


A 1,  O-iuch-dtameter  turbine  wheel  was  then  evaluated  to  satisfy  the  same 
requirements,  hut  to  operate  at  a much  lower  design  operating  speed.  The 
computer  runs  show  that  with  some  vurlation  In  the  number  of  turbine  blades 
and  apeeds,  a best  operating  condition  can  be  150,000  rpm  with  a 57-blade 
turbine  whet  I and  with  u reasonable  blade-height-to-cutter-diameter  ratio, 
This  condlthm  is  shown  as  Run  l(i  In  Table  14.  Figure  41  shows  a complete 
printout  of  the  design -program  output. 
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TU<HOAL  TEANATOA  ‘M'Ui'tL  ADMISSION  ,<AulAL  1 ^»r* • jl. .•» K 
DEbiG'j  point  computer  (durnui 


DESAON  CAiE  4/9i0\7 


rema  herat  ion  pw.-i  yj r (waits) 
elec  tracal  power  auivur  c watts) 
SPEED  (HPM) 

OVERALL  EFFICIENCY  (FRACTION) 


J . Si  K>F*02 
0 • jR J 6E  + 02 
0 * 1 U0E+06 
O.AOJiE*flO 


r EMP  EH  A r UK  IS  • PK  ES  S J|<  E i * Ft  v)  W 
i ml  e:  1 tempera  tore  <r> 

1 ml k 1 temperature  (r> 
ovenall  temperature  drop  <r> 
ovfhall  r emp era r uh e ori an  m> 
tjuru£i  tempera tore  mat  t.o 
o.jtlet  temperature  k<it  (*) 


0.*9C)E+u> 
0 • SSODE^Ui 
0. 1 441  K*')i 
0.<s7H 
J.R6/NE*')  » 
J.4K23£+U'2 


1 Nu k r pressure  <psia) 

INl.ET  PRESSURE  <a  M) 
flUD-KT  PRESSURE  (ASIA) 

wualkt  pressure  < a tm) 

r*i\E  i JURE  RATIO 
FLOW  < LA/SFC) 

FLO  (LA/HA) 

FLO  'J  (U/SEC) 


0. 41  /UE+D'R 
').  iR  )H  A 
).  I 6bJ  E+0-2 
:).  I I 4ils>0l 
1) » 44'/yE*Q  1 
).S«S70F-aR 
0.1  I 7 7 K ♦ 0 ? 
O.t  48RF.  + 0A 


PRIMARY  DIMENSIONS 
WHE EL  TIA  DIAMETER  (IN) 
NUMJER  OF  BLADES 
BlA  )E  HE1 GH f (IN) 


D * 7 SO  J F.+OU 
) • •170DE+02 
0 . 0S64E-O  A 


thrust  rearinu 

LOA  )( LAS  • )» 

OUTSIDE  DIAMETER ( IN)/ 

da Ai ie r e.<  ha  no 

CLEM#  TO  DIA.  RATIO 
LOA'I  COEFFICIENT 
REARING  NUMBER 
CL KARA  NC  E«  LOADS  I DEv  IN) 
Fi(I  (I  TI  ON  A0WER(WArr3> 


0.  AO  7 ->£-01 
J . SMOEO  ) 
joJuan>jj 
0.70DDE-J J 
0.1 5R7E-0I 
0 * 7 6.J6E+U0 
0.40  ARE*)  J 
0.410!  E+  ).) 


JOURNAL  BFARlNli 
LOAUCLUS#  ) 

LB AM  COEFFICIENT 
BEARING  NUMBER 
CLEAR#  ra  DIA.  RATIO 
MACHINED  CLEARANCE  (IN) 
A 1 V#  FILM  THICH(IN) 
FRICTION  POWERCWA  TT3> 


U#  J KHF.-O  1 
0 » SJORK-J  1 
0. 1 477E+01 
O.R'iNl  F.-US 
0#,V*4£K-<).i 
0.1  4t6H»J 
0.  )A0AF*«)0 
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Figure  30.  Design  for  55°K  Turbo*lternator  (Sheet  1 of  3) 
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UFiiliM  CASE 

4/9  AO  1 7 

PHIMAIY  LOCOES 

alts, hatch  total  < waits) 

SUM  i IF  FrtlCmtfM  LOSSES  (WATTS) 

J.|  141K+JI 
J.-?0*7K+0i 

TWO  SiASE  PEHFJ.HA .*i'£ 

utheh  i task.  i.x  temp  <*> 

TOTAL  HEAT  LEAK  < W "A  I*  1'  S > 
EAl!'  TF.-iPErtATlHE  <K> 
SHAFT  HEAl  LEAK  (WATTS) 
HO  Dili  H FA  f LEA*  (WUIS) 

0.  AMJF.+  JM 

0* 

.).4K?3E+0H 

J. 

0. 

UAS  OtA.IINUS 

H3  TA  TINT!  ASSEMBLY  WElUHf  < U Xrj  > 
ACC  ELENA  TlON  OF  GKAUl  TY  <"G"  > 

ror.  iKArti.xu  miction  (watts) 

0.6J7SE-0I 
0 . 1 0 JO  P.+O 1 
0. 1 l 11 K+JI 

PEHFOH.iA.XhK  TF.HMS 
ISENHJPIC  rlK  Aii  (FT) 

HYDKAJLIC  EFF  • # KlKiT  TEHM 
HYUHA'JLI  J KFM  » SKO0NO  TENi 
HYUNAUlIC  EFF.#  Hi  <l)  Tv(i 
HP  llLKAHAXCK  KFF.  JOKKFU  I’l i) N 
MAIL  EJUE  KFE»  CONNECTION 
SLACK.  HE.  NO.  KFr.  CONN. 

U.29')6E+05 
0.601  7E+V) 

O.N6SiE-Ol 
0. 44JJE-04 
O.V'jOHE+OO 
O.fcl JJ4E+00 
0.  JSIUK+UJ 

AL  I’E  <N\  1‘OH  CAP  FLJK  (KUAJiS) 
AL  T E,<NA  TON  Gd.tK  LOSS  OOfcFF. 
ALTFMArON  CJPPKN  LOaS  OOi-.FF. 

0.S9UUF+.JI 
0.1 7)4E+01 
0 . 1 1 UOE+Ui 

TEMPK  s WUNE  WHEEL  EAIf  UA<i  (i<> 
h)Z.  UUC.  VOLUME  FL0W  OF  I 
r.HSIME  ALA  OK  UlSC  VOL.  FlOW  <CF>) 

U.ti6J4E»00 
J.  JHSOE-OI 
i> . 447  7K"0 1 

PK <F0  < 1ANCE  KACWHS 

rip  .speed  ra  APJjriNa  vel..<atio 

ALA  OK  I NfilOFNCF  A MOLE  < DEONEES  > 
W./.LK  JOEFFIC  i EMT 
SPEC!  FIP.  SPEED 
3PFCIFI1  D 1 AM F r F.< 

FLOW  K VC  TON 

O.JJH/3EK0IJ 
J « 1 J5  7E+ 0 ? 
0.90J0E+0  ) 
0 . 11  J 1 !■>  0 i 
0. Jds7®e01 
J.U/NK+OI 

WHEF.L  KFEIUIEXCY  <K  (ACTION) 
HYDrtAJLlC  EFFICIENCY  (FRACTION) 
ELEC  rH3(iAflXU-  liFF » (FRACTION) 

0 • 4HHHK+  )J 
0.  SI  SI  K+03 
0.9T9OK+0U 

HF.NHCPIC  FOslEN  (WATTS) 

wheel  powfp  output  (watts) 

SHAF  f POWEH  JUIPUT  (WATTS) 

0.  1 H.VVF+O.l 
0.  SVS9K  + ) > 
0.  3 HO  £+0  8 
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Figure  30.  Design  for  B5°K  Turboalternator  (Sheet  2 of  3) 
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PAHAS1TIC  LOSSES  (WATTS) 
TUiMlNE  DISC  FHICTI0N 
J0UHNAL  D I AM  SHAFT  FKICTI0N 
ALTEHNA  T0H  GAP  FNlC  TION 
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U » 723 3K>  JO 
0 • i \ JOK+OO 


O.mAE-Ol 
0.  It  31  E+OI 


GEOMETRY 

WHEEL  TIP  CLEARANCE  (IN) 

BLADE  PASSAGE  CJITEH  DIAMETEM  (IN) 
BLADE  THAlLlNG  EDGE  THICKNESS  (IN) 
ADMISSION  AHC  (FkACITON) 

ADMISSION  AHC  (DEGHEES) 

N444LG  ANGLE  (DEGHEES) 

glade  angle  (deumees) 

BLADE  CHtfMU  (IN) 

WHEEL  INSIDE  DIANE  TEH  (IN) 

BLADE  PHE3SUHE  S'JH FACE  rtADlUS  (IN) 
BLADE  SUCTION  SURFACE  HADlUS  (IN) 


aoooE-o^ 

^10/E-JI 
4000 E-OH 
1 686E+DD 
60  6SE+JM 
3000S+0  } 
MHO  E+U  i 
8093 E-0 I 
b;Jd  1 12+00 
44746-01 
836SE-01 


TOTAL  MACHINE  SHAFT  LENGTH  (IN) 
J0UMNAL  SHAFT  U I AM FT EH  (IN) 
J0UHNAL  FH E E SHAFT  LENGTH  (IN) 
ALTEHNA  TJH  DIAMSTEH  (IN) 
ALTENNATDH  MAGNET  LENGTH  (IN) 
ALTEHNA TOH  PKHIF.  SP EEIK  F.P.  S . ) 
ALTEHNATOH  HADIAL  GAP  (IN) 

S TATOH  OOEHHANG  ( I N> 

S I'A  TON  LAMINATION  DI  A.  (IN) 

WHEEL  'JACK  SIDE  OPTIMUM  GAP  (IN) 


AMOE  + Ol 


0 

D 

0 

0 

D 

0 

J 

0 

0 


16 1 OE+OO 
I 3 <S  <i  K + ) 1 
H610K  + 00 
34*76+00 
I 36.JE+0  3 
l dJI £- ) I 
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0 44iE*'IO 
1 109F-JI 


VELOCITIES 

SPOUTING  0ELJC1T7  (FPS) 

NUCULE  DI oCH  A ((IE  VELOCITY  (FP3) 
BLADE  INLET  HElUIVE  VEL0C l TY< FPS) 
BLADE  INLET  KAU1AL  VEL0CI Tr  (KPS) 
BLADE  INLET  HKLATIVE  MACH  NUMBFH 


0 

0 

0 

0 

0 


I HHE+0  4 
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Mil  *>03 
4 I 39 E+OH 
I 778F+0  ) 
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I .ilHg+')5 


OH AG  COEFFICIENTS 
TUHBINE  DISC  DHAH  C0EFF* 

JOUH  NAL  Oi  AMFTKH  OHAG  COEFK • 
ALTKH.NAT0H  GAP  MOMENT  COEFF. 


0 

0 

0 


/944E-02 
70  17  rc -0  3 
> SHS  (•"“')  i 
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Figure  HP.  Design  for  55°  Turboalternator  (Sheet  3 of  3) 
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TURBOALrERNAlDdR  PARTIAL  ADMISSION  RADIAL  IMPULSE 
DESIGN  POINT  COMPUTE.?  OUTPUT 


DESIGN  CASE  4793004 

REFRIGERATION  PWR  OUT  (WATTS)  3.6«UE+03 

ELECTRICAL  POWER  OUTPUT  (WATTS)  0.6334E+03 

SPEED  ( RPM ) Q.3J0QE*06 
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TEMPER  A TURES*PRESSURKS#  FLOW 

INLET  TEMPERATURE  (iO  0.3060E«-0;l 
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OVERALL  TEMPERA  f URE  DROP  (X)  D.J6?0l!>03 

OUTLET  TEMPERATURE  EXIT  (R)  U.3759E+03 

OUTLET  TEMPERATURE  EXIT  (R)  0.1533E+03 

INLET  PRESSURE  (P:ilA)  0. 43105*03 

inlet  pressure  catm)  o.bbase+oi 

OUTLET  PRESSURE  <PblA>  O.I4S7b>03 

OUTLET  PRESSURE  (ATM)  U« I I OgK+OI 
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WHEEL  TIP  DIAMETER  (IN)  U.60‘j0E+00 
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FRICTION  POWER! WAITS)  D.?SIAr>OI 
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Figure  40.  Design  for  170°K  Turboalternator,  0,625-inch  Wheel  {Sheet  l of  3) 
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Figure  40.  Design  for  170*'K  Turboalternator,  0.  (525-lnch  Wheel  (Sheet  2of3) 
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Figure  Ml.  Design  for  170CK  Turboalternator,  1.00-inch  Wheel  (Sheet  3 of  3) 
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Between  the  two  different  turbine  -wheel  diameter#,  the  obvious  prefer- 
ence  would  be  the  1,  0-lnch  wheel  diameter,  where  there  Is  about  a one-percent 
efficiency  advantage;  the  largest  overall  advantage  would  be  In  operating  at  a 
design-point  speed  of  150,000  rpm,  rather  than  830,000  rpm. 

MECHANICAL  ARRANGEMENT 


A mechanical-arrangement  layout  was  made  for  the  14°K  unit,  based  on 
the  design  approach  used  in  the  small  Air  Force  turboalternator  frame  sise. 

The  turboalternator  was  designed  to  incorporate  elements  that  could 
readily  be  developed  to  provide  suitable  performance  and  that  could  be  adapt- 
able to  quantity  production,  A layout  of  this  turboalternator  is  shown  in 
Figure  13. 

The  turboalternator  is  mounted  on  gas -lubricated  journal  bearings. 

Three  hardened  pads  at  each  journal  bearing  support  the  0, 85-inch -diameter 
shaft  v'lth  an  operating  gas-film  thickness  on  the  order  of  800  microinches. 
These  journal  bearings  are  of  the  self-acting  ttltlng-pad  type  and  are  capa- 
ble of  stable  operation  throughout  the  operating  range  and  at  any  attitude. 

Two  Inward-pumping,  self-acting,  spiral-grooved,  thrust  bearings  posi- 
tion the  shaft  axially.  Like  the  journal  bearings,  the  thrust  bearings  are  gas- 
lubricated  and  typically  operate  V'lth  a 500-microinch  gas-film  thickness. 

The  entire  bearing  system  Is  self-aligning  because  the  thrust  bearings  are 
gtmbal-mounted  and  the  journal  tilting  pads  are  Individually  self-aligning. 
Satisfactory  operation  of  the  complete  bearing  system  can  therefore  be  some- 
what independent  of  the  accuracy  v'lth  which  adjacent  partB  are  manufactured. 

The  radial- Inflov'  impulse  turbine  wheel  is  0.  50  Inch  in  diameter.  The 
radial- inflow  wheel  Is  convenient  for  close  blade-tip  axial  clearances  to 
minimize  leakage.  The  turbine  nozzle  will  be  designed  for  partial  admission. 

The  turbine  energy  is  absorbed  by  a two-pole  permanent-magnet  alter- 
nator. This  compact  alternator  is  a very  practical  device  for  extracting 
energy  at  cryogenic  temperatures  when  that  energy  will  be  dissipated  st  a 
remote  location.  Tht  two-pole  magnet  operates  within  the  stator,  which  is 
wound  three-phase  in  s core  of  low-loss  iron  laminations, 

A vacuum-type  enclosure  is  wsldsd  for  the  final  assembly.  Proximity 
probes  are  installed  to  monitor  the  position  of  the  rotor  and  gas-bearing 
elements. 
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TURBINE  WHEEL  STRESS  AND  DEFLECTION  ANALYSIS 
14°K  UNIT 


The  14°K  unit  turbine  wheel  Is  shown  In  Figure  42,  The  wheel  is  made  of 
8061 -T6  aluminum  and  fits  onto  a stainless- steel  shaft.  The  extreme  operat- 
ing conditions  for  the  wheel  ares 


Condition 


Cold 

Warm 


Temperature 
14«K 
325°  K 


d (rpm) 


90,000 

250,000 


.n.  non- in.  Din 


0.  OH- In.  RikIIui 


).  28 1 -In.  Din 
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Figure  42.  First -.Stage  Wheel 

The  coefficient  of  thermal  expansion  of  aluminum  is  greater  than  that  of 
steel.  The  wheel  -shaft  assembly  is  made  at  room  temperature;  therefore, 
as  the  warm  condition  is  approached,  the  wheel  expands  more  than  the  shaft 
and  becomes  loose  on  the  shaft  unless  the  wheel  shaft  assembly  is  made  with 
a slight  interference  fit  at  room  temperature. 

The  stresses  caused  by  the  interference  fit  are  increased  as  the  tempera- 
ture is  lowered.  The  thermal  stresses  are  therefore  very  much  higher  for 
the  cold  condition  than  for  the  warm  condition,  Because  the  wheel  is  small, 
the  centrifugal  stresses  are  very  small.  At  250,000  rpm,  the  peak  centrifugal 
stresses  are  only  about  one-third  of  the  thermal  stresses  at  t4°K,  From  the 
standpoint  of  stress,  the  cold  condition  is  therefore  the  critical  condition.  The 
process  followed  In  the  analysis  of  this  wheel  was  to  determine  the  room -tem- 
perature Interference  required  to  maintain  wheel-to-shaft  contact  in  the  warm 
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condition  and  then  to  perform  a stress  analysis  for  the  cold  condition  with 
this  interference  fit. 

The  interference  fit  required  is  0.05  mil  on  the  radius  or  0. 1 mil  on  the 
diameter.  This  fit  is  sufficient  to  offset  the  differential  thermal  expansion 
and  the  small  centrifugal  force,  tending  to  separute  the  wheel  and  shaft  In  a 
warm  condition.  The  wheel  stress  was  analyzed  for  the  oold  condition,  using 
this  value  of  Interference  fit.  A plot  ef  the  effective  stress  contours  is  shown 
in  Figure  43.  Note  that  the  stress  levels  are  low  everywhere  except  in  region 
A,  and  even  in  region  A,  the  stress  level  Is  acceptable.  Actually  there  is  no 
contact  with  the  shaft  in  region  A,  because  the  shaft  is  slightly  relieved  to  aid 
in  piloting  the  wheel  for  assembly, 


vi  a t c us 


figure  43.  Cold-Condition  Effective  Stress  Contours 


Because  centrifugal  effects  are  small  for  this  wheel,  there  Is  almost  no 
bending,  so  the  tip  deflections  are  very  low,  Deflections  for  the  wheel  in 
the  cold  condition  are  shown  in  Figure  44.  Deflections  for  the  warm  condi- 
tion were  not  calculated  but  aro  expected  to  also  be  small,  because  the  cen- 
trifugal scn-sses  are  small. 

Because  the  0. 1-perc.ent  creep-stress  limit  at  70eF  for  30,  000  hours  Is 
40,000  psi,  the  wheel  design  Is  considered  acceptable,  Creep  data  at  cryo- 
genic temperatures  are  not  available. 
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Figure  44.  Deflections  for  Wheel  in  Cold  Condition 


The  actual  deaign  range  on  this  aluminum -wheel  Interference  fit  is  0.  2- 
to  0.  4-mil  diametral  interference,  to  assure  that  the  wheel  is  attached  at  all 
times  and  can  resist  the  operating  torque. 

B5°K  UNIT 


The  BEFK  wheel  design  is  0.  7B  inch  in  diameter, 
conditions  for  the  wheel  are  expected  to  be: 

Condition  Temperature 

Cold  B5°K 

Warm  32  2 °K 


The  extreme  operating 


Speed  (rpm) 
120.000 
230,000 


The  wheel  may  he  made  of  either  ($0(51 -T(i  aluminum  or  0 A1-4V  titanium, 
a trade-off  between: 

• Ease  of  making  the  aluminum  wheel,  but  poaslbly  limiting  the  maxi- 
mum speed  below  the  target  of  250,000  rpm, 

• Using  titanium,  but  ensuring  that  the  target  upper  speed  limit  of 
250,000  rpm  oan  he  obtained. 

1 70°K  UNIT 

The  170°K  wheel  design  is  1.0  inch  or  0.  ($25  inch  in  diumotcr.  The  ex- 
treme operating  conditions  expected  for  the  two  different  wheels  are: 
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Speed 


Condition  Temperature  1.  0-inch  Wheel  0.  625-ineh  Wheel 


Cold  170*K  150,000  rp:n  230,000  rpm 

Warm  322°K  250,  000  rpm  250, 000  rpm 

From  prior  results,  such  as  the  work  completed  for  the  U.  S.  Air  Force, 
it  Is  expected  that:  the  1,  0-inch-diameter  wheel  must  be  made  of  6 Al-4Vn 
titanium  to  achieve  the  target  warm  speed  of  250,  000  rpm,  and  the  0.  625- 
Inch-dlameter  wheel  probably  car.  be  made  of  aluminum,  with  no  problem. 

Design  considerations  for  a titanium  wheel  are  somewhat  different  from 
those  for  an  aluminum  wheel.  Tue  coefficient  of  thermal  expansion  is  less 
than  that  of  stainless  steel.  The  wheel-shaft  assembly  is  made  at  room  tem- 
perature; therefore,  as  the  cold  condition  is  approached,  the  wheel  contracts 
less  than  the  shaft  find  becomes  loose  on  the  shaft  unless  the  wheel-shaft  as- 
sembly is  made  with  an  interference  fit  at  room  temperature.  The  stresses 
caused  by  the  interference  fit  are  relieved  as  the  temperature  is  lowered  and 
are  Increased  as  the  temperature  is  raised.  The  thermal  stresses  are  there- 
fore very  much  higher  lor  the  warm  condition  than  for  the  cold  condition.  Be- 
cause the  warm  condition  also  has  a higher  speed,  it  is  the  critical  condition 
from  the  standpoint  of  stress. 


The  process  to  be  followed  in  the  analysis  is  to  determine  the  room-tem- 
\ peraturo  interference  fit  required  to  maintain  wheel-to -shaft  contact  in  the 

cold  condition  and  then  to  perform  a stress  analysis  for  the  warm  condition, 

' with  this  interference  fit. 

I The  design  of  a 1. 1 -inch-diameter  turbine  wheel  is  described  in  the  pro- 

gress report  to  Wright-Patterson  Air  Force  Base  (Ref.  4,  Vol.  I,  Section  5). 
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Appendix  II 

0AS-I1AWN0  ANALYSIS  AND  DCSION 


The  overall  design  requirements  for  the  journal  and  thrust  bearings 

are: 

Lubricant  --  Helium  gas  from  cycle  working  fluid 

Contract  design  life  goal  --  2500  hours 

Ultimate  design  life  goal  --  10,  000  hours  and  more 

Shock  and  vibration  loads  --  None  while  operating;  normal  handling 

while  not  operating 

Acceleration  load  --  None  while  operating,  but  design  for  2.  0 g in 

any  direction  while  operating 

Design  temperature  --  14°K  (25.  2°R) 

Maximum  operating  temperature  --  125°F  (5B5°R) 

Starting  --  Many  start-stop  cycles 

Orientation  --  Both  vertical  arid  horizontal 

Additional  requirements,  as  a consequence  of  the  operating  environment, 
include  a constant  bearing  ambient  pressure  1, 10  x 10D  newtons  per  Bquare 
meter  (17.22  psla)  and  a maximum  speed  of  200,  000  rpm.  This  maximum 
speed  will  be  experienced  only  at  the  maximum  operating  temperature  at  the 
start  of  system  cooldown.  After  cooldown  haa  started,  the  speed  will  be  grad' 
ually  decreased  until  the  design  speed  of  00,  000  rpm  is  reached  at  the  design 
temperature  of  14UK. 


Only  self-acting  gas  bearings  were  considered  for  this  design. 

Externally  pressurized  bearings  were  not  seriously  considered  for  the 
following  reasons: 

• Refrigerator  cycle  efficiency  requires  a low  ambient  pressure, 
near  atmospheric,  In  the  rotor  housings. 

• Refrigerator  cycle  efficiency  would  he  lowered  because  a portion 
of  the  cycle  gas  would  have  to  be  diverted  through  the  bearings, 

• Ducting  the  bearing  exhaust  gas  involves  a mechanical  and  thermal 
heat-leak  complication  that  is  considered  impractical. 


QINim#lllCTRIC 


• The  bearings  must  be  isolated  from  the  rotor  cavity  by  noneon - 
ta<  ting  seals,  The  design  of  the  sea's  could  be  as  complicated 

as  the  design  of  the  bearing  itself. 

Tilting-pad  journal  bearings  (Figures  45  and  46)  were  selected  for  the 
journals  because  of: 

'•  Confidence  in  ultimate  success 

• Prior  manufacturing  and  cryogenic,  test  experience 

• Broad  stability  range 

• Inherent  self-alignment 

• Reasonable  tolerance  to  dirt  ingestion  and  thermal  distortion 


V A Mi* 


Figure  45,  Pivoted-Pad  Journal  Hearing  (Schematic  Diagram) 
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Figure  46,  Cryogenic  Turbonltcrnator  Ti  Iling-Pnd  .Journal  Hearing 

A double-acting  hydrodynamic  thrust  bearing  with  n gimbul  system  miumt 
was  selected  because  of: 

• Confidence  in  the  ultimate  success 

• Prior  manufacturing  and  cryogenic  teat  experience 

• Suitability  for  nny  attitude  plus  g- loading 

• Suitability  for  complete  hc li’-n ligament 

A h pirn  I -grooved  inward  pumping  geometry  (shown  in  Figures  47  and  48) 
wub  selected  for  the  turbunltcrnntor  dcsigna  beemtse  a stable  . onrigurntlon 
could  be  obtained  that  operated  with  a greater  load  capacity  ami  leas  power 
loss  thun  tiny  other  configuration. 
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JOURNAL  BEARING  DESIGN 

PKOCEDIJHK 

The  procedure  for  journal  bearing  design  consists  of  die  following  steps: 

• Set  up  criteria  for  selection, 

• Select  bearing  parameters  nnd  performance  characteristics  for 
preliminary  design. 

• Determine  first  bending  critical  spend  of  rotating  assembly. 

• Determine  the  stability  nnd  response  of  the  mtor/journal  bearing 
combination. 

Many  of  the  selection  criteria  ore  based  upon  engineering  judgment, 
based  upon  past  experience.  For  example,  the  principal  journal  bearing 
design  goal  is  to  maintain  a fluid  film  separation  of  the  bearing  surfaces 
In  the  cryogenic  environment.  All  that  is  required  is  a nonzero  minimum 
film  thickness,  but  there  are  lwo  other  film  thicknesses  that  are  usually 
considered.  One  is  the  pivot  film  thickness  chosen  as  a design  goal  In 
advance  of  thermal  distortion  data.  The  second  film  thickness  is  chosen 
as  the  absolute  minimum  acceptable  film  thickness,  which  should  take  into 
account  basic  equation  accuracy,  numerical  solution  accuracy,  and  antici- 
pated manufacturing  tolerances.  Similar  considerations  apply  to  critical 
speeds  and  other  aspects  of  the  design. 

The  criteria  used  in  designing  the  journal  bearings  are: 

• Pivot  film  thickness  at  2«g  bteudy-stato  load  without  bearing  surfaci 
distortion  will  be  100  mlcrolnches. 

• Absolute  minimum  film  thickness  will  be  50  mi c ruinc hes, 

• Power  loss  must  bo  low. 

• Shoe  pitch,  roll,  and  rndlnl  translational  natural  frequencies,  with 
undistorted  bearing  surfaces,  must  be  25  percent  above  or  5 percent 
below  the  operating  speed  extremes, 

• First  oending  critical  speed  must  be  25  percent  above  me  operating 
Bpoed  range, 

• Whirl  threshold  speed  must  be  above  the  operating  speed  range. 

• Maximum  nondimcnsiomil  pivot  film  thickness  (IIP)  will  be  0,  7.5, 
for  pod  stability. 

• Minimum  nondimensioiml  pivot  film  thickness  will  be  0,20,  to  limit 
bearing  friction, 

• Maximum  pivot  point  stroMH  (hertz)  will  be  1 00,  000  pul, 
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The  journal  hearings  were  designed  with  a selector  computer  program, 
JSKLCT  (Ref.  4,  App.  VI),  that  contained  the  following: 

• C oefficient  of  nondimensional  polynomials  for  single-pad  load,  power 
loss,  radial  stiffness,  and  pitch  axis  stiffness  versus  hearing  number 
(A)  at  constant  nondimonsionnl  pivot  film  thicknesses  (IIP)  of  0,  20, 

0.  25,  0.  30,  0.  40,  0.  50,  0.  60,  and  0.  75. 

• Logic:  to  compute  internally  coefficients  of  nondimensional  poly- 
nomials for  single'  pad  load,  power  Joss,  radial  stiffness,  and 
pitch  axis  stiffness  and  load  versus  HP  at  constant  A. 

• Coefficients  of  nondimensional  polynomials  for  pad  inertia  versus 
shaft  mass  for  constant  A at  the  threshold  of  translatory  whirl 
instability, 

• A routine  based  on  beam  theory  for  computing  two  rigid-body 
natural  frequencies  and  the  first  bending  critical  speed  of  a 
system  consisting  of  four  bars,  three  masses,  and  two  bearings. 

• A routine  for  computing  the  increase  in  journal  diameter  due  to 
centrifugal  force. 

• Logic:  for  testing  film  thicknesses  relative  to  input  criteria. 

• Logic  for  testing  the  proximity  of  the  following  frequencies  relative 
to  the  end  points  of  an  operating  speed  range: 

- Shaft  rigid-body  translations  and  rotations 

- Shoe  radial  translation 

- Shoe  pitch  axis  rotation 

- Translatory  self-excited  wnirl 

• Logic  for  varying  the  machined-in  clearance,  preload,  and  preload 
spring  stiffness  if  frequency  or  film  thickness  tests  are  not  passed, 

• Logic  for  computing  performance  characteristics  if  the  machined- 
in  clearance,  preload,  and  preload  spring  stiffness  are  specified, 

• Logic  to  determine  the  pivot  ball  radius  so  the  hertz,  stress  will  be 
K)0,  000  psi. 

The  original  pad  data  contained  in  the  selei  tor  program  were  produced 
by  a numerical  solution  of  the  transient  Reynolds  equation.  Since  the  results 
are  based  on  a disturbance  from  equilibrium,  both  steady-state  and  stability 
data  were  obtained  simultaneously.  All  pad  design  data  are  based  on  a pad 
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arc  length  of  100  degrees,  with  a pivot  location  of  65  percent  and  a length 
to-diametoi*  ratio  of  one. 

PERFORMANCE 


The  .ISKI.CT  journal  bearing  selector  program  was  used  to  design  the 
tilting -pad  journal  bearings  for  the  turboalternator.  Initially,  a target  max- 
imum speed  of  250,  000  rpm  for  room- temperature  operation  was  used  as 
input.  With  this  high  maximum  speed,  it  was  found  that  maximum  rigid-body 
critical  speed  for  the  2-g  operation  was  too  close  to  the  cold  temperature  de- 
sign operating  speed  of  90,  000  rpm.  The  reason  for  this  is  that  the  high, 

250,  00 1 1- rpm  speed  required  a stiffer  gas  bearing  at  the  lower,  90,  000*  rpm 
design  speed.  The  variations  of  the  maximum  rigid-body  critical  speeds  ure 
as  shown  in  Table  15  for  the  three  levels  of  g- loading  of  interest.  Then, 
the  Btiffness  of  the  shaft  was  reduced  from  7,  000  pound-inches- . With  only 
this  change,  the  maximum  rigid-body  critical  speed  was  reduced  by  only 
about  1000  rpm. 


Table  15 

DESIGNS  WITH  A MAXIMUM  OPERATING  SPEED  OF  2 50,  000  It  PM 

El  * 7000  lb -in.  8 


( i-l.mtdtnu 

0.0 

1 

2.0 

Design  IumiMhk  number  (A) 

Maximum  rluld-body 
critical  spaed  (rpm) 

0.260 

75,200 

1.  160 
106,400 

0.250 
US,  2 00 

r 

0.26 
(Hi,  200 

1.  160 
127, MOO 

[fit  -2280 

As  shown  on  page  144  of  Reference  4,  the  spring  rate  of  typical  finished 
turboalternator  shafts  of  the  subject  design  are  50,  000  and  58,  OOOlb-in. 

Using  the  simple  beam  formula  likened  to  conditions  of  the  test,  the  shaft  stiff- 
ness is:  - 

Kl  ■ 2=1 

48 

where  E - Youngs  modulus  (psi) 

I - Second  moment  of  area  (inch4) 

S ■ Shuft  Bpring  rate  (lb/ In.) 

I,  - Span  between  supports  (inch) 

The  corresponding  shaft  stiffness  values,  Mi,  arc  7410  and  5040  pound- 
inches8.  Hence,  the  6000  value  appeared  to  be  n reasonable  average  and  was 
used  for  alt  subsequent  design  runs. 

It  was  therefore  decided  to  lower  the  maximum  operating  speed  to  200,000 
rpm.  The  2-g  operating  range  of  bearing  numbers  was  first  investigated,  and 
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the  lowest  hearing  loss  was  determined.  The  results  are  shown  in  Table  16, 
where  a bearing  number  of  0.  350  provides  the  lowest  journal  bearing  power 
loss  of  0, 1542  watt,  The  maximum  shaft  rigid-body  critical  speed  is  com- 
fortably below  the  design- point  of  90,  000  rpm. 

Table  16 

DESIGN  SPEED  PERFORMANCE  AT  2.  0 G 


Retiring 

Number 

lambda 

<nd) 

Single 

Pouring  1 'ui\er 
Puss  (tt  attH) 

Maximum 
Shaft  tilgid-l3ndy 
t ‘rl  tiral  Speed 
(rpm) 

Fixed  I’Pot-Piid 
Film  Thickness 

(uln,  ) 

Spring- Mounted 
Pivot-Pud  Flim 
Thickness 
(win.) 

0,  loot) 

.J.  1 “i  . ' 

arc  04.1 

lti" 

241 

0,  3hU0 

0.  l.r>42 

81,  5 Mi 

168 

248 

0,  3000 

').  1 5 HO 

80,  OS!) 

187 

2 81) 

0,  2500 

0.  1617 

80,  u.m 

184 

2 86 

( H 2281 


Complete  design  runs  were  then  made  for  the  three  g- loadings  of  interest: 
Run  Number  G-  Loading 


4791001 

2.  0 

4791002 

1.0 

4791003 

0.  0 

A summary  of  these  performance  runs  is  given  in  Table  17,  The  three 
runs  are  printed  completely  in  Figures  48,  50,  and  51, 

Pertinent  performance  parameters  from  these  three  computer  runs  are 
given  in  Figures  52  and  53  as  a function  of  the  g- loading.  Figure  53  shows  the 
variations  of  bearing  power  Iosb  and  pivot  film  thickness  for  the  two  extremes 
in  operating  conditions  of  speed  and  temperature,  Figure  52  shows  that  the 
highest  calculated  rigid-body  critical  speed  is  safely  under  the  design  speed, 
and  the  spring-pad  radial  translational  critical  speed  is  well  above  the  max- 
imum operating  speed.  The  pud-pitch  critical  frequencies  are  shown  opera- 
ting reasonably  above  the  respective  operating  and  design  speeds. 

Next,  tin  analysis  was  conducted  to  evaluate  the  effects  of  the  spring  pad, 
spring  rate,  and  film  thicknesses.  Figure  54  shows  the  results  of  computer 
runs  of  constant  values  of  nondimensional  spring-pud  film  thickness  for  vary- 
ing values  of  spring-pad  spring  rnte,  This  nondimensional  film  thickness  its 
the  ratio  of  the  actual  film  thickness  to  the  operating  nmohined-in  radial 
clearance,  Also  shown  are  the  1-g design  values.  The  results  indicate  that 
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JSELCTU  1 41 48EST  12/19/78 

*****OAS~LUBRICATED  JOURNAL  BEARINGS***** 


**DE1IQN  SPEC I F I C A T I 8 NS* 4 


DESI8N  RUN  NUMBER  47*1001 


DESIGN  SPEED  <RPM)  *0000.0 
TEMP*  AT  DESIGN  SPD  (R)  89.80 
AMBIENT  PRESS. DESI ON  SPD(PSIA)  17.88 
VI SCBSI TT. DESI GN<LB*SEC/ 1 N**8>  0.* 1 OOE-O* 
MAX.  SPEED  (RPM)  800000.0 
TEMP.  AT  MAX  SPD  (R)  989.00 
AMBIENT  PRESS. MAX  SPD  (PSIA)  17.88 
VISCOSITY. MAX  (LB*SEC/IN**8)0.3I00E-0G 


JOURNAL  D1A.  (INI 
ROTOR  NEIQHT  (LB) 

LEFT  OVERHUNG  WT.  (LB) 

WT.  BETWEEN  BROS.  (LB) 

RIGHT  OVERHUNG  WT.  (LB) 

LEPT  WT.  TO  LEFT  BRO.  (IN) 
LEFT  BRO.  TO  CO  (IN) 

CO  TO  R18HT  BRO.  (IN) 

RT  BRO  TO  RT  OVERHUNG  WT  (IN) 
0 L8ADIN0 

JOURNAL  WALL  THICKNESS  (IN) 
Y0UNG9INERTIA.  (LB*IN«*8) 
PERCENT  OF  RAD  FOR  PAD  THICK 
PAD  LENOTH  (IN) 

POISSONS  RATIO  (ND) 

YOUNGS  MODULUS  (PSD 
WT  DEN  OF  J.  MAT.  (LB/1N**3> 
WT  DEN  OF  PAD  MAT  (LS/IN**3) 
ANQLE  BETWEEN  PIVOTS  (DEG) 
MINIMUM  PIVOT  FILM  TK.  (IN) 


0.801 
0.0984 
0.0074 
0.03*4 
0.0097 
0.8490 
1.3000 
0.9700 
0.1090 
8.0000 
0*1309 
0. 0D00E+04 
0*1930 
0.8010 
0.8000 
0.3000E+00 
0.8800 
0.8000 
180.0000 
0.000100 


T 

FIX* 


SPRING  STIFFNESS  (LB/IN)  0.9990E*03 
MACHINED  IN  CLEARANCE  (IN)  0.000388 
STARTING  PIVOT  FILM  THICK. (ND)  0.043000 
BALL  RADIUS  (IN)  0.014000 
SOCKET  RADIUS  (IN)  0.014300 


ONLY  ONE  PRELOAD  IS  BEING  CONSIDERED 


Figure  40.  Design  for  2.0-g  Gas -Lubricated  .Journal  Bearings  (Sheet  1 of  4) 
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LAMBDA  LMP 

LAMBDA#  DCS*  SAD. 

LAMBDA*  MAX.  SAD. 
CLEARANCE*  DCS*  SAD*  < IN> 
CLEARANCE*  MAX.  SAD*  (IN) 
WHIRL  8 A CCD  (RAM)* DCS! ON 

WHIRL  SACCO  (RAM) .MAXIMUM 

THIS  SCOT I ON  I NCRCASCS  ALUTTCR  ARCS 

CNTCR1N0  ARCLOAD  LOO A 


0.3S0 

8.6*4 

0*00031123 

0*0003781? 

1041143*18 

484180.04 


*****GAS  LUBRICATED  JOURNAL  8CARI  NOS***** 


♦•CONDITIONS  AT  DESIGN  SACCD** 


LAMBDA  <ND)  0*3302 
AMBICNT  ARESSURE  (ASIA)  I 7*80 
OLCARANCC  (IN)  0*000381 
JOURNAL  DIAMCTCH  (IN)  0.841008 
BRQ*  TRANSVCRSC  STIFF.  (LB/IN)  1980.00 
BRO*  VERTICAL  STIFF.  (LB/IN)  979.40 
BRQ.  AO  NCR  LOSS  (WATTS)  0.1S48 

SHOES  WITH  FIXED  AIVOTS 

LOAD  (LB)  0.10S4 
AIVOT  FILM  THICKNESS  (IN)  0*000148 
FITCH  STIFFNCSS  (IN-LB/RAD)  3. 1133 
AITCH  CRITICAL  TRCO*  (RAM)  830947.7 

SHOES  WITH  SARI NO  MTD.  AIVOTS 

LOAD  (LB)  0*0989 
AIVOT  FILM  THICKNESS  (IN)  0.000849 
AITCH  STIFFNCSS  (IN-LB/RAD)  0*0880 
AITCH  CRITICAL  FRCO  (RAM)  118474.9 
TRANS.  CRITICAL  FRCO  (RAM)  380914*4 
STIFF  OF  ARCLOAD  SARINO  (LB/I N)  999.6 
AIVOT  SOCKET  RADIUS  (IN)  0.0143 
AIVOT  BALL  RADIUS  (IN)  0*0140 


Figure  49,  Design  for  2,0-g  Gas -Lubricated  Journal  Hearings  (Sheet  2 of  4) 
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♦•GENERAL  CONDI TI0N3** 


WHIRL  SPEED  LIMIT  (RPM)  494180.0 

PIRST  BENDING  CRIT.  SPD.  (RPM)  399178.8 

SHAFT  RIGID  BODY  CHIT  SPD  (RPM)  BIS30. I 

SHAFT  RIGID  BODY  GRIT  SPD  (RPM)  9803 I. 4 

SHAFT  RIGID  BfDY  CRIT  SPD  (RPM)  47410. A 

SHAFT  RIGID  BfDY  CRIT  SPD  (RPM)  34071.0 

SHOE  PITCH  INERTIA  (tN-LB-SECB)  0.9340E-00 

WEIGHT  fF  SHOE  (Lf>  0.0003S9 

THICKNESS  fF  SHfE  (IN)  O.OBOO 

MACHINED-IN  CLEARANCE  (IN)  0.0003B8 

START-UP  CLAMPING  FORCE  (IN)  0. 

START-UP  CLEAR  fN  TAP  SHfE  (IN)  0.00093 


••♦••GAS  LUBRICATED  JOURNAL  BEARINGS***** 


♦♦CONDITIONS  AT  MAXIMUM  SPEED** 


LAMBDA  (ND)  0.494 
AMBIENT  PRESSURE  (PS1A)  17.00 
CLEARANCE  (IN)  0.000378 
JOURNAL  DIAMETER  (IN)  0.061008 
■EARING  X-STIFFNESS  (LB/IN)  3173.931 
BEARING  Y-STIFFNESB  (LB/IN)  1499.198 
BEARING  POWER  LOSS  (WATTS)  1.00 


SHOES  WITH  FIXED  PIVOTS 

LOAD  (LB)  0.0584 
PIVOT  FILM  THICKNESS  (IN)  0.000031 
PITCH  STIFFNESS  (IN  LB/RAD)  9.4347 
PITCH  CRITICAL  (RPM)  304494.0 


SHOES  WITH  SPRINO  MTD.  PIVOTS 


LOAD  (LB)  0.0090 
PIVOT  FILM  THICKNESS  (IN)  O.OCOOTO 
PITCH  STIFFNESS  UN  LB/KAD)  3.0)73 
PITCH  CRITICAL  (RPM)  099314.0 
TRANSLATION  CRITICAL  (RPM)  900790.8 


Figure  48,  Dnwign  for  2,0-g  Gas-Lubricated  Jot  rnal  Bearings  (Sheet  3 of  4) 
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1 8NPTS  14I4IEST  18/19/78 

100  I 

I SO  4791001 

>00  90000*  85. fl  17*88  9.18-10  800000*  SIS* 
300  17*88  31.E-10  *861  *0074  *039#  .0017 
400  *84$  1*31  .570  .US  *05865  8.0 
300  *1305  .88  *81  *86  30. C 6 6000. 

*00  .153  *161  *0001 
700  0 1 
800  T 

•00  .000388  955*6  *643  *0140  .0143 


: Figure  48.  Design  for  2.0-g  Gas -Lubricated  Journal  Bearing*!  (Sheet  4 of  4) 
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*****QAS  LUBRICATED  JOURNAL  BEARi NOS***** 


♦•DESIGN  SPECIFICATIONS** 


DESIGN  RUN  NUMBER  4791008 


0ES1GN  SPEED  <KPM>  90000.0 
TEMP.  AT  DESIGN  SPD  (Hi  85.80 
AMBIENT  PRESS. DESIGN  SPD(PSIA)  17.88 
V ISC8S1 TY . 0ES1 0N( LB*SEC/ IN**8) 0 .9 1 00E-09 
MAX.  SPEED  (RPM)  800000.0 
TEMP*  AT  MAX  SPD  <R>  385.00 
AMBIENT  PRESS. MAX  SPD  <PSIA>  17*88 
VISCOSITY. MAX  (LB*SEC/ IN**8)0.3 100E-08 
JOURNAL  DIA.  (IN)  0.861 
ROTOR  WEIGHT  (LB)  0.0S86 
LEFT  OVERHUNG  WT.  (LB)  0.0074 
WT.  BETWEEN  BROS*  (LB)  0*0396 
RIGHT  OVERHUNG  WT.  (LB)  0.0057 


Figure  50,  Design  for  1,  0-g  Gas-Lubricated  Journal  Bearings  (Sheet  1 of  4) 
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LIFT  WT.  T3  LEFT  BRG.  (IN) 
LEFT  BRG.  TO  CO  (IN) 

CO  TO  RIGHT  BRG.  (IN) 

RT  BRG  TO  RT  8VERHUN0  WT  (IN) 
0 LOADING 

JOURNAL  WALL  THtCKNCSO  (IN) 
YOUNG* INERTIA*  (L**IN**«> 
PERCENT  OF  RAD  POR  PAO  THICK 
PAO  LENGTH  (IN) 

POISSONS  RATIO  (ND) 

YOUNGS  MODULUS  (PSD 
WT  DEN  OF  J.  MAT*  (LB/IN«*3> 
WT  DEN  OP  PAO  MAT  (LB/IN**3) 
ANGLE  BETWEEN  PIVOTS  (DEQ) 
MINIMUM  PIVOT  FILM  TK*  (IN) 


0.0450 

1.3800 

0.3700 

0.1030 

1.0000 

0.1303 

O.«O0OE*O4 

0.1330 

0.0610 

0.0000 

0.30008*08 

0.8800 

0.8800 

180.0000 

0.000100 


T 

FIX* 


SPRING  STIFFNESS  (LB/IN)  0.03301*03 
MACHINED  IN  CLEARANCE  (IN)  0.000388 
STARTING  PI  VST  FILM  THICK. (ND)  0.390000 
BALL  RADIUS  (IN)  0.014000 
SOCKET  RADIUS  (IN)  0.014300 

ONLY  ONE  PRELOAD  IS  BEINO  CONSIDERED 


LAMBDA  LOOP 


LAMBDA*  DES.  SPD. 

LAMBDA*  MAX.  SPD. 
CLEARANCE*  DCS.  SPD.  (IN) 
CLEARANCE*  MAX.  SPD.  (IN) 
WHIRL  SPEED  (RPM)« DESIGN 


0.330 
8.094 
0.00038183 
0.0003 78  IT 
1041103.18 


WHIHL  SPEED  (RPM) (MAXIMUM 


090180.04 


THIS  SECTION  INCREASES  FLUTTER  FREO 
ENTERING  PRELOAD  LOOP 


*****0AS  LUBRICATED  JOURNAL  BEARINGS***** 


**C0NDITI8NS  AT  DESIGN  SPEED** 


LAMBOA  (ND) 

AMBIENT  PRESSURE  (PSIA) 
CLEARANCE  (IN) 


0.3308 

17.88 

0.000381 


Figure  50.  benign  for  1.0 -g  OaB-Lubrieated  Journal  TJnurings  (Sheet  2 of  4) 
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JOURNAL  DIAMETER  (IN)  0.86100S 
BRQ.  TRANSVERSE  STIFF*  (LB/IN)  1583.65 
BRO*  VERTICAL  STIFF*  (LB/IN)  *11.76 
•HO*  ROWER  LOSS  (WATTS)  0*1477 


SHOES  WITH  FIRED  PIVOTS 


LORO  (LB)  0.QB7S 
R1VBT  FILM  THICKNESS  (IN)  0*OOOI8S 
FITCH  STIFFNESS  (IN-LB/RAO)  8.35*6 
FITCH  CRITICAL  FREO.  (RPM)  800785.0 

SHOES  WITH  SFRINO  MTD.  FIVOTS 

LOAD  (LB>  0.061 1 
FIVOT  FILM  THICKNESS  (IN)  0*000885 
FITCH  STIFFNESS  (IN-LB/RAD)  1.143* 
FITCH  CRITICAL  FREO  (RFM)  13*883.0 
TRANS*  CRITICAL  FREO  (RFM)  3*S38I.* 
STIFF  OF  PRELOAD  SFRINO  (LB/IN)  *35.6 
FIVOT  SOCKET  RADIUS  (IN)  0*0143 
FIVOT  BALL  RADIUS  (IN)  0.0140 


••GENERAL  CONDITIONS** 


WHIRL  SPEED  LIMIT  (RPM) 

FIRST  BEND I NO  CR1T.  SPD.  (RFM) 
SHAFT  RIGID  BODY  CRIT  SFD  (RFM) 
SHAFT  RIGID  BODY  CRIT  SFD  (RPM) 
SHAFT  RIGID  BODY  CRIT  SFD  (RFM) 
SHAFT  RIOID  BODY  CRIT  SPO  (RFM) 
SHOE  PITCH  INERTIA  (IN-LB-SEC8) 
WEIGHT  OF  SHOE  (LB) 

THICKNESS  OF  SHOE  (IN) 
MACHINBD-IN  CLEARANCE  (IN) 
START-UP  CLAMPING  FORCE  (IN) 
START-UF  CLEAR  ON  TOP  SHOE  (IN) 


696IB0.0 
33*6**. 6 
73935.4 
56398.3 
430*1.0 
33018*4 
0.S340E-08 
0.000339 
0.0800 
0.000388 
0* 

0.00033 


*****QAS  LUBRICATED  JOURNAL  BEARINGS***** 


••CONDITIONS  AT  MAXIMUM  SPEED** 

LAMBDA  (NO)  8.6*4 
AMBIENT  PRESSURE  (PSIA)  17.88 
CLEARANCE  (IN)  0.000378 


Figure  BO.  Design  for  1,0-g  Gas -Lubricated  .Journal  Bearings  (Sheet  3 of  4) 
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JOURNAL  DIAMETER  (IN)  0.261008 
8EARIN0  R-STIFFNBSS  (LB/IN)  8898.058 
BEAM 1 NO  Y-STIFFNESS  (LB/ IN)  1578.788 
BEARING  POWER  LOSS  (MATTS)  1.77 


SHOES  WITH  FIXED  PIVOTS 

LOAD  (LB)  0.2407 
PIVOT  FILM  THICKNESS  (IN)  0.00084ft 
PITCH  STIFFNESS  (IN  LB/KAD)  4.fft«9 
PITCH  CRITICAL  (PPM)  890047.1 


SH8ES  WITH  SPRINO  HTD.  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN  Lft/RAD) 
PITCH  CRITICAL  (RPM) 
TRANSLATION  CRITICAL  (RPM) 


0.8144 

0*000868 

4.0771 

860860.2 

508819.6 


LIST 


I8NPTS 


OSlOSCST 


18/80/78 


100  1 

ISO  4791008 

800  90000.  85*8  17.88  9.IE-I0  800000.  585. 

000  17.88  OI.E-IO  *861  .0074  .0096  .0057 
400  .845  1.08  .570  .165  .05865  1.0 
500  .1305  .88  .88  .26  30*16  6000. 

600  .150  .861  .0001 
7 00  0 I 
BOO  T 

900  .000088  955.6  .590  .0140  .0143 

Figure  50,  Design  for  1,0-g  Gas -Lubricated  Journal  Bearings  (Sheet  4 of  4) 
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•♦DESIGN  SPECIFICATIONS** 


DESIGN  RUN  NUMBER  4791003 

DESIGN  SPEED  (RPM)  90000.0 

TEMP.  AT  DESION  SPD  <R)  85.80 

AMBIENT  PRESStDESlGN  SPD(PSIA)  17.88 
V1SC0SITY.DE8IQN(LB*SEC/IN**B)0«9 100E-09 
MAX.  SPEED  (RPM)  800000.0 

TEMP.  AT  MAX  SPD  (R)  585.00 

AMBIENT  PRESS.MAX  SPD  (PSIA)  17.88 

VISCGSlTYtMAX  (LB*SEC/IN**8)0.3I00E-0S 

0.841 
0.0584 
0.0074 
0.0394 
0.0057 
0.24S0 
1.3800 
0.5700 
0.I4S0 
0. 

0.1305 
0. 4000E*04 
0.1530 
0*8410 
0.8400 
0.3000E+08 
0.8800 
0.8800 
180.0000 
0.000100 


JOURNAL  01 A.  (IN) 

R0T0R  WEIGHT  (LB) 

LEFT  OVERHUNG  WT.  (LB) 

WT.  BETWEEN  BROS.  (LB) 

RIGHT  OVERHUNG  WT.  (L8> 

LEFT  WT.  TO  LEFT  BRO.  (IN) 
LEFT  BRG.  TO  CG  (IN) 

CG  TO  RIGHT  BRG.  (IN) 

RT  BRO  TO  RT  OVERHUNG  WT  (IN) 
0 LOAD! NO 

JOURNAL  WALL  THICKNESS  (IN) 
YGUNO*!NERT!A«  (LB*IN**B) 
PERCENT  OF  RAD  FOR  PAD  THICK 
PAD  LENGTH  (IN) 

POISSONS  RATIO  (ND> 

YOUNGS  MODULUS  (PSD 
WT  OEN  OF  J.  MAT.  (LB/IN**3> 
WT  DEN  OF  PAD  MAT  (LB/IN**3) 
ANGLE  BETWEEN  PIVOTS  (DEO) 
MINIMUM  PIVOT  FILM  TK.  (IN) 


T 

FIX* 


SPRING  STIFFNESS  (LB/IN) 
MACHINED  IN  CLEARANCE  (IN) 
STAhTINO  PIVOT  FILM  THICK. (ND) 
BALL  RAOIUS  (IN) 

SOCKET  RADIUS  (IN) 


0.9S54E+03 

0.000388 

0.530000 

0.014000 

0.014300 


ONLY  ONE  PRELOAD  IS  BEIN0  CONSIDERED 


Figure  51.  Design  for  0.  0-g  Gas-Lubricated  Journal  Hearings  (Sheet  1 of  3) 
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uAMBDA  LOOP 


LAMBDA*  DCS*  SPD. 

LAMBDA*  MAX.  SPD. 
CLEARANCE*  DBS.  SPD.  (IN) 
CLEARANCE*  MAX.  SPD.  (IN) 
WHIRL  SPUD  (RPM)  *DBSI  ON 


0*350 

1.494 

0.00038tB3 

0*00037817 

1041163.18 


WHIRL  SPEED  (RPM) .MAXIMUM 
THIS  SECTION  INCREASES  FLUTTER  FRED 
E NICHING  PRELOAD  LOOP 


695180.04 


*«***QAS  LUBRICATED  JOURNAL  BEARINGS***** 


- ] 

ft 

i C 

♦•CONDITIONS  AT  DESIGN  SPEED** 

| 

K * 

LAMBDA  (NO) 

0.3508 

i i 

AMBIENT  PRESSURE  (PS1A) 

17.88 

■ i 

CLEARANCE  (IN) 

0.0003B1 

JOURNAL  DIAMETER  (IN) 

0.861008 

BRQ.  TRANSVERSE  STIFF*  (LB/ IN) 

1313.77 

BRO.  VERTICAL  STIFF.  (LB/IN) 

898*76 

BRQ.  POWER  LOSS  (WATTS) 

SHOES  WITH  FIXED  PIVOTS 

0.1448 

I 

LOAD  (LB) 

0.0743 

i, 

PIVOT  FILM  THICKNESS  (IN) 

0.000801 

i 

l 

PITCH  STIFFNESS  (IN-LR/RAD) 

1*7740 

r 

PITCH  CRITICAL  FREG.  (RPM) 

I7404S.8 

SHOES  WITH  SPRING  MTD.  PIVOTS 


LOAD  ( 

PIVOT 

PITCH 

PITCH 

TRANS. 

sTirr 

PIVOT 

PIVOT 


LB) 

FILM  THICKNESS  (IN) 
STIFFNESS  (IN-LB/RAD) 
CRITICAL  FREQ  (RPM) 
CRITICAL  FREG  (RPM) 

OF  PRELOAD  SPR1N0  (LB/IN) 
SOCKET  RADIUS  (IN) 

BALL  RADIUS  (IN) 


0.0743 

0.000808 

1.7491 

178818*3 

408994*4 

995.6 

0*0143 

0*0140 


**GENERAL  CONDITIONS** 


WHIRL  SPEED  LIMIT  (RPM)  696180.0 
FIRST  BENDING  CRIT.  SPD.  (RPM)  359687*7 
LHAFT  RIGID  BODY  CRIT  SPD  (RPM)  67378*7 


Figure  B 1 , Design  for  0,0-g  (las-Lubricntod  .lournal  Hearings  (Sheet  2 of  3) 
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SHAFT  RIGID  BODY  CHIT  SPD  (RPM)  55595.1 
| SHAFT  RIGID  BODY  0R1T  SPD  (RPM>  39348.5 
1 SHAFT  RIGID  B»DY  CR1T  SPD  (RPM)  32948*5 
I SHGE  PITCH  INERTIA  ( IN-LB-SEC8)  0.S340E-08 
i WEIGHT  OF  SHflE  (LB)  0.000359 
I THICKNESS  «F  SHGE  (IN)  0.0800 
s MACH I NED "IN  CLEARANCE  (IN)  0*000388 
1 START-UP  CLAMPINO  FORCE  (IN)  0* 

: START-UP  CLEAR  0N  TOP  SHOE  (IN)  0*00053 


*****QAS  LUBRICATED  JOURNAL  BEARI NG3***** 
♦•CONDITIONS  AT  MAXIMUM  SPEED** 


LAMBDA  <ND>  8.494 
AMBIENT  PRESSURE  (PSIA)  I 7.88 
CLEARANCE  (IN)  0.000378 
JOURNAL  DIAMETER  (IN)  0.841008 
BEARING  X-ST1FFNESS  (LB/IN)  8494*998 
BEARING  Y-ST1FFNESS  (LB/ IN)  1580.435 
BEARI NO  POWER  LOSS  (WATTS)  1.75 


SHOES  WITH  FIXED  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 
•ITCH  STIFFNESS  (IN  LB/RAD) 
PITCH  CRITICAL  (RPM) 


O.P^TO 

0.000851 

4.5855 

877993.8 


SHOES  WITH  SPRING  MTD.  PIVOTS 


LOAD  (LB)  0.8870 
PIVOT  FILM  THICKNESS  (IN)  0.000853 
PITCH  STIFFNESS  (IN  LB/RAD)  4.4550 
PITCH  CRITICAL  (RPM)  875819.4 
TRANSLATION  CRITICAL  (RPM)  517811.9 


LIST 

I8NPTS  1 7 • I I EST  18/19/78 


I 00  I 

I SO  4791003 

800  90000.  85.8  17.88  9.1C-10  800000.  585. 
300  17.88  3 1 . t- 1 0 .841  *0074  .0394  .0057 
400  .845  1.38  .570  .145  .05845  0.0 
500  .1305  .88  .88  .84  30. E4  4000. 

400  .153  .841  .0001 
700  0 1 
8 00  T 

900  .000388  955.4  .530  .0140  .0143 


Fiffurn  51,  Dnslffn  for  0,0-w  UuH-FuhrlcuttMl  Journal  HouriiugK  (Short.  3 of  3) 
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Bearing  Power 

Loss  (w)  Pad  Film, 

at  90,  000  rpm  Thickness  (uin. 


Pitch 
ucy  (rpm) 
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! the  spring-pad  spring  rate  is  not  too  sensitive  above  a value  of  600  pounds  per 

I inch.  There  is  a decrease  in  the  spring-pad  pitch  critical  frequency,  but 

this  is  of  no  significant  consequence. 

Probably  the  most  critical  problem  with  varying  the  spring  rate  to  a 
softer  spring  is  the  practical  aspect  of  setting  the  initial  desired  bearing 
clearances. 

A complete  summary  of  the  selected  design  is  shown  in  Table  18. 

A comparison  with  a similar  previous  design  shows  the  Wright- Patterson 
Air  Force  Base  contract  design  uses  a 884-microinch  ground  in  clearance,  as 

Table  18 

fc  TURBOALTERNATOR  TILTING- PAD  JOURNAL 

[>  GAS-BEARING  DESIGN  SUMMARY 


Characteristic 

Design  Parameter 

Type 

3- shoe  tilting  pad 

Pad  wrap  angle  (deg) 

100 

Pad  pivot  location  (%  from  leading  edge) 

65 

Pad  material  and  weight  density  (lb/ in.9) 

304,  0.  28 

Pad  coating  and  surface  finish  (rmi) 

Nitride,  4 

1 

Diameter  (inch) 

0.  261 

Pad  length  (inch) 

0.  261 

Angle  between  pivots  (deg) 

120 

Journal  material  and  weight  density  (lb/in.3) 

304,  0.  28 

Journal  wall  thickness  (inch) 

0.  1305 

Cold  machined-ln  clearance  (inch) 

0.  0003B2 

Ball  material,  coating,  and  surface  finish  (rms) 

304,  Nitride'!',  4 

Socket  material,  coating,  and  surface  finish  (rms) 

304,  Nitride'!',  4 

Preload  spring  stiffness  (lb/in.) 

056,  0 

Shoe  pitch  inertia  (in, -lb-sec") 

0.  534  x 10'fl 

Nominal  weight  of  shoe  (pound) 

3.  50  x 10“ 

■* 

Nominal  thickness  of  shoe  (inch) 

0.  020 

* Subject  to  change 

CR-2279 
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compared  to  the  382-microinch  clearance  for  the  present  design.  This  would 
lead  to  lower  bearing  number  and  higher  bearing  power  loss,  as  was  seen  from 
the  trend  of  Table  16. 

THRUST  MARINO  PBSION 

PROCEDURE 

The  process  of  establishing  the  selection  criteria  for  the  thrust  bearing 
was  essentially  the  same  as  for  the  journal  bearing;  the  design-goal  film 
thickness  corresponding  to  the  maximum  load  was  assigned  in  advance  of 
thermal  distortion  data. 

The  design  criteria  used  in  selecting  the  thrust  bearing  are; 

• Maximum  design  load  of  2.  0 g 

• Minimum  film  thickness  of  100  mlcroinches  with  parallel, 
undistorted  bearing  surfaces  at  maximum  load 

• Stable  operation  with  minimum  possible  glmbal  pivot  friction 
and  damping  from  zero  net  load  to  maximum  load 

• Low  power  loss 

• Minimum  outside  diameter 

• Maximum  gas  film  moment 

• No  rigid-body  natural  frequencies  in  speed  or  load  range 

• Maximum  stiffness  over  operating  range 

The  general  thrust-bearing  design  procedure  consists  of  the  following 
principal  steps; 

f • Set  up  criteria  for  selection, 

[ 

• Optimize  load  capacity  with  respect  to  film  thickness  for  nxially 

i stable  face  geometries. 

• Determine  bearing  and  gimbal-ring  moments  of  inertia  and  pivot 
friction  characteristics  necessary  to  provide  stability  with  a mis- 
aligned thrust  runner  for  both  axial  translation  of  the  rotor  and 
angular  rotation  of  the  gimbal  ring, 

The  spiral -groove  thrust  bearing  selector  program  for  uniform  clearance, 
STBSUC  (Ref.  4,  App,  IX),  was  used  to  obtain  deeign  and  performance  param- 
eters, This  same  program  was  used  to  compute  the  film  righting  moment 
for  the  spiral-groove  bearingB,  at  a load  of  approximately  2 g. 

The  moment  was  then  checked,  using  the  nonuniform  clearance  program, 
SPQRTH  (Ref.  4*  App.  VIII).  Pivot  characteristics  were  computed  so  that  the 
pivot  friction  moment  equaled  the  film  moment  with  collar  misalignment  at 
maximum  loud. 
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Program  STBSUC,  the  spiral-groove  thrust  bearing  selector  program  for 
uniform  clearance,  was  used  first  to  evaluate  the  thrust  bearing  design.  The 
program  is  baaed  on  analytical  expressions  for  computing  the  load  capacity  of 
a spiral-groove  bearing  with  a uniform  film  thickness.  In  addition,  the  power 
loss,  axial  stiffness,  and  tilt  stiffness  are  computed;  several  other  parameters, 
such  as  the  Reynolds  number,  are  computed  and  listed  as  an  aid  in  the  design 
selection.  When  the  bearing  design  parameters  have  been  selected,  a plotting 
program  is  used  to  compute  and  plot  performance  characteristics  for  a double- 
acting  bearing. 

The  principal  parameters  for  the  bearing  design  study  are; 

• Ratio  of  outside  diameter  to  inside  diameter 

• Design  film  clearance  at  which  the  load  la  to  be  optimized 

For  a small  value  of  optimized  film  clearance,  the  load -versus- clear- 
ance curve  will  have  a steep  slope,  maximizing  the  film  thickness  at  high 
load  at  the  expense  of  the  film  thickness  at  a lower  loading.  This  film  thick- 
ness Is  normally  selected  as  a compromise  between  the  film-thickness  safety 
margin  at  maximum  load  and  stiffness  at  normal  operating  conditions. 

The  design  parameters  ars  usually  selected  so  that; 

• The  Mach  number  is  less  than  0.  8 at  the  outilde  diameter. 

• Minimum  number  of  grooves  is  less  than  the  maximum  number 
of  grooves.  The  minimum  number  is  based  on  minimizing 
groove  entrance  effects;  the  maximum  number  is  based  on  manu- 
facturing consi  deration!, 

e Relative  swash  amplitude  is  leas  than  0, 16  x film  thickness. 

• Reynolds  number  is  less  than  1600. 

e The  bearing  number  lambda  la  less  than  60. 

• Convective  and  transient  inertias  are  much  less  than  one. 

• Steady-state  and  dynamic  local  compressibility  are  much  less 
than  one, 

e Thrust- runner  tip  speed  is  less  than  800  feet  per  second. 

Based  on  the  comparison  of  the  load  capacity  predicted  by  this  program 
with  available  experimental  data,  the  theoretical  load  capacity  and  stiffness 
are  multiplied  by  0.  75  as  a safety  factor. 


The  principal  dimensions  of  the  thrust  face  were  established.  In  order 
to  evaluate  the  sensitivity  of  the  depth  of  groove  on  this  design,  a set  of 
three  different  groove-depth  designs  were  considered.  A range  of  the  three 
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designs  for  which  the  groove  depth  was  varied  and  the  corresponding  optimum 
elouranuo  or  ench  groove  depth  In  ahown  on  l'’1gure  B5,  AIho  shown  1h  the 
referenced  drawing  tdleranco  range  established. 


I1'!  mi  re  r>n,  ThriiHt  Hearing  Groove  Depth  Versus  Cienrimee 


'i'ltci  HeJoeied  design  rim  number  is  47D1UHM,  shown  on  I'Mgere  5(1,  The 
output  of  this  computer  program  run  represents  the  design  speed  per  To  r mime  i 
expected  from  one  llirust  hearing  face  only.  The  following  input,  is  printed 
with  the  output: 

• Title  Indicating  the  gas  iiHod  nil  the  luhrlention, 

• Kalin  of  outside  diameter  lo  inside  diameter, 

• Shaft  rotntimml  speed  (rpm). 


GINIMlQlllCTMC 


STUB  IN 


MCUeBWewais^SKWW-WJ  •-  - -AWinTUrij-s 


15I2AEST  12/21/72 


100  I 

200  479100,1 

300  .00031  90000.  .287  25.2  17.22  .003 
400  .289  *73  1.93  71.2  .010  9.4E-6 
500  9.4E-6  .05265  2.0  0.0 
600  1 25  25 


HEADY 

OLD  STRSUCU 

HEADY 

RUN 


STRSUCU  15»27ESTT  12/21/72 


HELIUM 'LUBRICATED  SPIRAL  ORuOVE  THRUST  REARINO 
RATIO  DF  OD  TO  ID  - 2.0000 

*** input*** 


DBS  ION  RUN  NUMBER  4791003 


SPEED, WPM  0.9000E*05 
TEMPERATURE, DEO, R 0.2520E+02 
BHARINO  ID, IN.  0.2S70E+00 
AMBIENT  PRESS. ,PSI  A 0,17228*02 
SR  ASH  ANGLE, DbO  0.3000E-Q2 
rt'T  DEN  BRO  MAT.LB/IN3  0.2890B+00 
SHAFT  W5IC1HT.LB  O.5265E-0I 


ORODVF  LT/RRO  WIDTH  0,7300E*00 
OROOVF/R IDOE  WIDTH  3.I930E+0I 
OHOOVE  ANOLh',DBO  0.71205+02 
EXP  CDEFF.BRO, IN/IN  F 0.9400E-05 
KXP  COEFF. RUN, IN/IN  F 0.940QS-05 
MIN  ALLOW.  RIDOE  ft,  IN  Q.IOOOE-OI 
CLEAR  AT  OPT  DRV, D, IN  0.31008-03 


***OUTPUT*** 

MACH  NO,  AT  QO  0.23978*00 
OIMBAL  MTD  RRO  TK.,IN  0.625QE-0I 
MAX  NU.  DF  0 HOOVES  39 
MOLECULAR  MPP,  IN.  0.21638-06 
GROOVE  DEPTH,  IN.  0.9455E-03 


MIN,  NO.  GROOVES  28 

VISCOS ITY,LB»SEC/IN2  0.4020E-09 
BEARING  OH,  IN,  0,57408+00 

BHD,  I HER.  IN-LB-SEC2  0.2367B-06 
TIP  SPEED,  PT/SEC  0. 92548*03 


Figure  58,  Helium-Lubricated  Spiral-Groove  Thrust  Hearing,  Design  Run 

No.  47D1003,  Ratio  of  Outside  to  Inside  Diameter  2,0  (Sheet,  lof3) 
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CLEARANCE,  MICRO  INCHES 
LOAD,  LR 
POWER,  WATTS 

RELATIVE  SMASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/ IN 
TILT  STIFFNESS  IN-LB/RAD 
EFFECT,  VIS,  LB-SEC/TN++2 
REYNOLDS  NO. 

LAMnDA 

CONVECTIVE  INERTIA  RATIO 
THAN SI  ENT  INERTIA  RATIO 
LOCAL  COMPRESS.  RATIO, S3 
LOCAL  COMPRESS.  RATIO, DYN 


25 

0. I 339E+00 

0.7328E+00 

0.1 928B+0I 

0.5QO2E+00 

0.9725B+04 

0.3553E+05 

0.I415B+03 

0.32776+01 

O.3022E-O9 

0.64470+02 

0,87006+02 

0. 14800-03 

0.942BB+00 

0.675 1 0+00 

O.I637B-OI 


50 

0.I261E+O0 
0.3840B+Q0 
0. 38066+00 
0, 1 282E+00 
0. I548B+05 
0.56556+05 
0.35840+03 
0*830304*01 
0 .39I9E-09 
0. 1 3290+03 
0.2 175E+02 
0.59200-03 
0.157904-01 
0. I68BK+00 
0.65130-02 


75 

0.  1I55E+00 
0.2635B+00 
0.2I9IE+00 
0.57470-01 
0*16666+05 
0. 60806+05 
0.41516+03 
0.96156+01 
0.39526-09 
0.1994B+03 
0.9667E+0I 
0, 1 3320-02 
0* I 7B6B+0I 
0.750  IB-01 
0.31 15F-02 
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Cl. H/> MANOR,  v.lc-KJlMCH'iS 
l.f j A i. , l.n 
POnER,  WATTS 

RWt.ATlVE  SWAS'-I  AMPLITUDE 
MAX  i.Jl STUN nOil  f;'J  CLEAR  RAT. 
AXIAL  1:RiiOU';:>'.!Y,  CMi'l 
Tit, I'  PRIjOUK'ICY,  Cl*'-'. 

M I A I.  STIFFNESS  1.1/M 
IT 1 T STII-FTFSS  M-LI'/h'AD 

s ■ c i • vi...  t.i-3i-:f:/IN**2 

iT-'Y^QLi''.  Nil, 

LA  MOCA 

onilvlicnvi*  HRUTIA  HATH) 

Til  VIST  RN  T Il.T-'R  iT  A RATIO 
UCAL  COM PIN-SS,  RATIO,  FS 
LOCAL  COMPRKS'?.  RATIO, DYN 


t 00 

0.1 0.3  91- +00 
0,20238+00 
O.I&bl'-'+OO 
0.3244E-0I 
0.171  017+05 
0.6J>rt4r.+CH 
0.439 7L +03 
r>.  10100+02 
0.39o:>R-09 
0.26590+03 
0.543/0+01 
O.236B0-O2 
0 . 1 929F+0I 
0.42  I 9E -01 
0. I 8048—02 


1 25 

0. 9204R-0I 
0.I652E+00 
0.P33F+C0 
0.2QB3B-01 
0, 1 720R+03 
0.02830+05 
0. 4424R+03 
0, 1 029040? 
n. 39790-09 
0,332.30+03 
0.34806+01 
0, 37000-02 
0. >0280+01 
0./ 700K-0 I 
0.  IIBBB-Oa 


150 

0.H035E-0I 
0. 1 402B+00 
0. 1068B+00 
0.14496-01 
0. I 6N7B+05 
0.61 63E+05 
0.42566+03 
0,9361 E+OI 
0.3OB6E-09 
0.390HE+03 
0. 24176+01 
0.53280-02 
0.20W4B+0I 
0.I875E-0I 
0.7887E-03 
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CLEARANCE,  'iICRUlMCHBS 
L.IAD,  LR 
PUriliR,  WATTS 

RELATIVE  RMAi.ll  AMPLITUDE 
MX  DISTORT! i 'N  TO  CLEAR  RAT. 
A..IAL  FR!:0U6TCY,CP,M 
T I L i l-R[:UJ':i,OY,  CPM 
AXIAL  -iTH-l-'IRMS  LB/M 
TILT  Ofll-T-'NFIB  IN-Ln/RAD 
DEFECT.  VIM.  LT-3HC/IN++2 
RI-YNOU'S  J. 

LAM  PDA 

C.IL'V  MOTIVE  INERTIA  RATIO 
TRAN;-.  I Iji  IT  INERTIA  MATtU 
LOCAL  COMPRESS , RATIO,  SS 
LOCAL  CH'.IPHtiS.B,  RATIO,  DYT 


I 79 

0.49330-01 
0.1 2220+00 
0 .98946-0 1 
0 • I 066E-0I 
0 • 1 6236+05 
0. *>9296+05 
U.3939H+03 
0.91260+01 
0.399 1 K-U9 
0.4663H+Q3 
O.I7/6B+OI 
0.7/62E-U7 
0.20970+01 
0.1  3751;  -01 
0.65740-03 


>00 

0,592*-  *-(  I 
0. 1 OUw  ti+OO 
0.96610-01 
0.31680-02 
0. 15.16  -*05 
0.56 1 20+05 
0.3510E+03 
0,81 77F+OI 
0 . 3 096*: -09 
0,531  /R+0.3 
0.1  3590+01 
O.O47I0-O2 
.20760+01 
0.1 0590-01 
o. 40408-03 


225 

0 .50406-0 1 
0.97990-01 
0. 98276-01 
0.6498E-02 
0, 1 436E+05 
0.5246E+05 
0 , 3085R+03 
0.71 46E+0I 
0.3997B-09 
0.9O82R+03 
U.IO74R+0I 
0.1 I99E-0I 
0.20256+01 
0.83346-02 
0.S984P-03 


Figure  56,  Helium- Lubricated  Spiral -Groove*  ThriiBt  Hearing,  Design  Hun 
No,  4701003.  Ratio  of  Outside  to  Inside  Diameter  2,  0 (Sheet  2 of  3) 
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Figure  56,  Helium- Luhricuted  Splrul -Grom  <:■  Thnml  Hearing, 
No,  470100.1,  Hatio  ofOulHldt*  to  liiHhle  Diumelrr  2, 
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• Gas  temperature  (°R)  used  in  computing  the  viscosity. 

• Bearing  inside  diameter  (inch). 

• Ambient  pressure  (psia). 

• Thrust-runner  swash  angle,  peak-to-peak  (dug). 

• Weight  density  of  the  bearing  material  (lb/in.8)  uaed  in  calculating 
the  moment  of  inertia  for  tilt  frequency  output. 

• Shaft  weight  (pound)  usea  in  computing  axial  frequency  output. 

• Groove -length/ bearing -width  ratio  (nondimen  slonal)  measured 
radially. 

• Groove /ridge -width  ratio  (nondimensional)  measured  at  constant 
radius. 

• Groove  tingle  (deg)  measured  between  tangent-to-groove  and  radial 
coordinates. 

e Coefficient  of  thermal  expansion  for  bearing  material  (in.  /in.°F) 
used  to  compute  dishing  due  to  bearing  film  shear  heating. 

• Coefficient  of  thermal  expansion  for  thrust-runner  material  (in,  / 
in.  °F)  used  to  compute  dishing  due  to  boaring  film  shear  heating. 

• Minimum  allowable  ridge  width  (inch)  and  minimum  thicknoBB  or 
ridge  used  to  compute  maximum  bearing  number. 

• Clearance  at  which  load  capacity  Is  to  be  optimised  (inch). 

The  output  consists  of  a group  of  overall  performance  factors  which 
include  the  following! 

• Mach  number  (nondimenaional),based  on  helium  and  the  thrust 
bearing  outside  diameter,  used  to  indicate  the  potential  of  com- 
pressibility effects  at  the  tip  of  the  thrust  bearing. 

• Viscosity  (lh-sec/in.  Abased  on  appropriate  gas  tit  input  temperature, 

• Moleeulur  mean-free  path  (inch),  based  on  the  appropriate  gns  used 
to  compute  the  effective  viscosity, 

• Minimum  number  of  grooves,  computed  on  the  hauls  that  the  pres- 
sure ripple  across  the  grooveu  in  10  percent  of  the  pressure  rise 
along  the  grooves  and  related  to  the  assumption  that  the  edge 
correction  is  negligible. 

• Maximum  number  of  grooves,  which  manufacturing  und  struitural 
considerations  have  based  on  on  input  quantity  that  limits  the  ridge 
wall  thickness. 

• Fatimated  moment  of  inertlu  of  the  bearing,  with  respect  to  a diam- 
eter, through  the  midplane  (in.  -lb-sec* ). 
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• Assumed  thickness  of  the  thrust  disk,  based  on  dividing  the  annular 

width  of  the  thrust  disk  by  2.  5, 

• Bearing  outside  diameter  obtained  from  the  inside  diameter  and  the 
ratio  of  outside  diameter  to  inside  diameter. 

• Groove  depth  (inch), 

• Thruet- runner  tip  speed  (ft /sec). 

Individual  performance  items  are  then  tabulatod  in  16  columns,  for  one 
thrust  face  only,  with  a heading  for  the  land  film  clearance  in  microinches: 

e Load  capacity  (lb),  Including  the  0,  75  safety  factor  referred  to  above. 

• Power  loos  (watts). 

• Relative  ttwash  amplitude  (nondimensional).  This  is  the  ratio  of 
calculated  swash  amplitude  to  the  maximum  swash  amplitude  at 
contract.  The  calculated  awash  amplitude  is  based  on  the  swash 
angle,  the  film  tilt  stiffness  and  the  moment  of  inertia  of  line 
bearing,  calculated  on  the  basis  of  an  assumed  thickness -to- 
diameter  ratio. 

• Maximum  distortion-to-clearance  ratio  (nondimensional).  Distor- 
tion is  due  to  bearing  viscous  shear  heating  and  is  assumed  to  flow 
axially,  causing  the  thrust  disk  to  take  the  shape  of  a cup  of  a 
sphere. 

• Axial  frequency  (cycles/ minute),  which  is  natural  frequency  based 
,on  the  axial  film  stiffness  and  weight  of  the  rotor, 

e Tilt  frequency  (cycles/ minute),  or  natural  frequency  based  on  the 
film  tilt  stiffness  and  bearing  moment  of  inertia, 

• Axial  stiffness  (Jb/in,),  again  including  the  0.  75  safety  factor. 

• Tilt,  stiffness  of  the  gas  film  (lb/ rud). 

• Effective  viscosity  (lb-sec/ In.*),  This  quantity  is  used  in  cal- 
culating bearing  performance  and  is  based  on  the  film  thickness, 
viscosity,  and  molecular  menn-free  path.  The  mean- free  path 
effect  reduces  the  viscosity  and  therefore  the  load  capacity, 
becoming  more  pronounced  as  the  film  thickness  decreases, 

• Reynolds  number  (nondimensional),  This  is  the  ratio  of  Inertia  to 
viscous  forces,  Indicating  whether  the  assumption  of  laminar 
flow  used  in  the  present  analysis  1b  valid.  The  value  should  be 
less  than  1500, 

• Convective  Inertia  ratio  (nondimensional),  This  is  based  on  the 
groove  width  and  tangential  velocity,  indicating  whether  the  as- 
sumption of  negligible  inertia  effect  is  valid,  The  r itio  should 
be  very  much  less  than  one. 
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• Transient  inertia  ratio  (tiondimensional),  based  on  the  nominal 

bearing  gap  and  axial  oscillation,  indicating  whether  the  assump- 
tion of  negligible  inertia  effect  is  valid.  The  ratio  should  be 
very  much  less  than  one. 

e Local  compressibility  ratio,  steady-state  (nondimenaional) 
based  on  the  tangential  velocity,  indicating  whether  the  as- 
sumption of  quasi  incompressibility  is  valid.  In  this  analysis, 
a sectlonally  linear  pressure  profile  is  assumed.  To  be  valid, 
the  magnitude  of  the  circumferential  pressure  fluctuation  must 
be  email  compered  to  the  local  pressure  level.  Thia  ratio 
should  be  very  much  less  than  one, 

e Local  compressibility  ratio,  dynamic  (nondtmensionul),  based 
on  axial  oscillation  and  referring  to  the  assumption  defined  above. 

This  rutio  Should  he  very  much  less  than  one. 

Figure  87  shows  the  corresponding  design  computer  run  for  a single 
thrust  bearing  face  at  the  maximum  speed  conditions  of  200,  000  rpm  and  388° rt. 
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No.  4701004,  Ratio  of  Outside  to  Inside  Diameter  2.0  (Sheet  1 of  3) 
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Figure  57.  Helium- Lubricated  Spiral*  Groove  Thrust  Bearing,  Design  Hun 

No.  4701004.  Ratio  of  Outside  to  Inside  Diameter  2.  0 (Sheet  3 of  3) 


With  an  800-microinch  total  clearance  for  the  two  thrust  faces,  a com- 
bined thrust  bearing  performance  run  is  shown  in  Figure  58  for  the  04  8- 
microinch  groove  depth.  The  various  performance  factors,  such  as  load, 
power,  axial  stiffness,  and  tilt  stiffness,  are  shown  as  a function  of  the 
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loaded  side  clearance  of  the  bearing.  Ths  information  for  the  computer  pro- 
grams is  shown  graphically  in  Figures  P9,  80,  and  61  for  the  three  different 
groove -depth  designs  that  were  considered. 

The  designs  from  these  bearing  performance  runs  are  compared  in 
Table  18  for  the  three  groove-depth  designs.  Shown  in  this  table  aro  the  signif- 
icant performance  factors  for  1-g,  2-g,  and  0-g  operation.  It  can  be  seen  that 
the  largest  groove  depth,  of  1220  microinohes,  is  not  satisfactory  to  meet  the  criteric 


Table  18 

THRUST  BEARING  DESIGN  COMPARISON 


SpMd  (rpm) 

Temperature  (*R/°K) 

Viacoalty  of  helium  (lb-eec/ln.1) 
Ambient  pressure  (petal 
Rotor  weight  (pound) 

90,  000 
22.  5/14.  0 
9, 1 x 10*,e 
17.  22 
0,  0507 

Computer  Run  Number* 

4791001 

4701002 

4791003 

Deaign  groove  depth  (jin.) 

1230 

610 

948 

l-a  Operation 

Load  (pound) 

0.  0507 

0.  0507 

0.0507 

Power  lose,  both  facea  (watt) 

0. 170 

0.  145 

0.  150 

Land  clearance  t*ln.) 

170 

240 

210 

Axial  atiffneee  (lb /in.) 

2 DO,  0 

45.0 

36.0 

Tilt  etiffneaa  (in.* lb/ rad) 

5.5 

10,0 

8.4 

2 -B  Operation 

Lund  (pound) 

0.  1014 

0.  1014 

0.  1014 

Power  loan,  both  fauna  (watt) 

-- 

0.  200 

0.235 

Land  clearance  tain.) 

below  100 

140 

100 

Axial  *tiffn««a(lb/ln.) 

-- 

118 

45.  0 

Tilt  ntiffnean  (In.*  lb/ rad) 

• « 

34.0 

10.  5 

0-b  Operation 

txmd  (pound) 

0.  0 

0.  0 

0,0 

Poster  loae,  both  fanna  (watt) 

0.  1 1 53 

0.  1282 

0.  1196 

t^ind  cleat ance  0^ in. ) 

400 

400 

400 

Axial  fttiffneea  (lb/in,) 

163,4 

1B;>.  |) 

183.  2 

Tilt  atiffneaa  (In.  * lb/ rad) 

3.  70 

3.  77 

-»  — - 

4.  24 

CH-22D0 
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Speed  « HO, 000  rpm 
Temperature;  ■ 25.  2''H 
Dwm,  Nu;  42:tu4:tr» 
Design  Hun  No.  4791003 


Ambient  pressure  - 17.  220  pslu 
outside1  diameter  0,574  in 
Inside  diameter  0,  287 
Total  axial  clearance  - 0,8  mil 


Clearance  (mill) 


( 1 11  urn i ice  (mils) 


t i .H'.utcu  (mils) 


( 1 1 * .•  i ninci;  I mns  l ( H - *{y s>7 


Figure  61.  Helium -Lubricated,  Spiral-Groove  Thrust  Bearing,  B48- 
Microintch  Groove  Depth,  Low -Temperature  Performance 
as  a Function  of  Loaded  Side  Clearance 
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of  a minimum  thickness  of  100  at  the  2 -g  operating  condition.  The  other  two 
designs  are  satisfactory,  and  there  is  little  difference  between  them  as  far 
as  the  performance  features  are  concerned.  However,  the  design  with  a 
groove  depth  of  810  microinches  should  be  considered  a very  limited  design 
since  the  tolerance  on  maintaining  this  type  of  groove  depth  is  more  serious 
than  maintaining  a groove-depth  tolerance  around  the  larger,  948-mlcroinch, 
clearance,  It  can  be  concluded  that  the  existing  thrust  bearing  design  draw- 
ing, 423D435,  will  adequately  suit  the  turboalternator  thrust  bearing  design. 
Table  20  shows  the  complete  geometry  of  the  thrust  bearing  deBign. 


Table  20 

TURBOALTERNATOR  SPIRAL-GROOVE  THRUST 
BEARING  DESIGN  SUMMARY 


Characteristic 

Design  Parameter 

Outside  diameter  (inch) 

0.  574 

Inside  diameter  (inch) 

0.  287 

Inside  diameter,  grooved  region  (inch) 

0.  384 

Number  of  grooves 

15 

Groove  angle  (uug) 

71,2 

Groove  width  to  ridge  width  at  constant  radius  (nd) 

1.  03 

Groove  width  (deg) 

15.  809 

Ridge  width  (deg) 

8.  101 

Depth  of  groove  (inch) 

0.  000048 

Collar  swash  angle  (deg) 

0.  003 

Total  axial  clearance  (inch) 

0.  0008 

Bearing  material,  coating,  and  surface  finish  (rms) 

i 

Beryllium  copper, 
none,  8 

Collar  material,  coating,  and  surface  finish  (rms) 

30 4 L,  NITRIDE,  4 

CR-2289 

Figure  82  shows  the  performance  to  be  expected  for  the  high-speed 
operation  of  200,  000  rpm  and  585°R  under  the  maximum-speed  and  maximum- 
temperature  operating  conditions. 
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Appendix  III 

TURBOALTtRNATOR  ASSEMBLY  PROCEDURES 


This  manual  provides  detailed  assembly  and  disassembly  procedures 
for  the  turboalternator  development  by  General  Electric  Corporate  Research 
and  Development  in  Schenectady,  Mew  York,  under  Contract  No.  DAAK02- 
71  -C  -0028.  All  instructions  and  procedures  described  are  based  on  techniques 
that  were  successfully  employed  by  Corporate  Research  and  Development 
during  the  course  of  t*  > development  program. 

Special  assembly  tools  are  shown  in  Figure  63.  All  part  numbers  refer 
to  turboalternator  assembly  drawing  B88E477  as  shown  in  Figure  16  and  to 
the  photograph  of  parts  in  Figure  64,  unless  otherwise  specified. 

PRELIMINARY  CLEANING  AND  HANDLINQ 

1.  After  manufacturing,  inspect  all  parts  under  a microscope  to  ensure 
complete  deburrlng  and  satisfactory  surface  finishes  on  all  critical 

areas. 

2.  Ultrasonically  clean  the  electric  stator  In  a solution  of  Freon*  and 
vacuum -bake  at  120°F  for  8 hours.  Install  a liquid  nitrogen  cold 
trap  in  the  vacuum  line  between  the  vacuum  pump  and  the  furnace, 
to  prevent  oil  migration.  Ultrasonically  clean  all  other  parts 
several  times  in  clean  solutions  of  chlorothene  to  ensure  removal 
of  oil  and  grease  films  and  any  particles  clinging  to  the  surfaces, 

CLEAN  ROOM  ASSEMBLY 

1.  Perform  all  final  cleaning  operations,  assembly  procedures,  and 
initial  testing  in  a clean  room  to  ensure  maximum  cleanliness  of  the 
complete  assembly. 

2.  Prior  to  entering  the  clean  room,  ultrasonically  clean  all  parts  and 
seal  them  in  clean  plastic.  This  step  includes  cleaning  and  sealing 
of  tools,  fixtures,  and  so  forth  used  in  the  aeeembly  procedures. 

3.  Final-clean  the  turboalternator  parts  in  a clean  room  area,  in  a 
solution  of  Freon. 

4.  Assemble  the  turboalternator  inside  pressurised  clean  bonches 
within  the  clean  room  area.  Air  through  the  clean  benches  is 
filtered  to  99,95  percent  of  0.  3-micron  particles, 


^Freon,  a precision  cleaning  agent  manufactured  by  E,  I.  DuPont  de  Nemours 
and  Company,  Inn. 

Prscadinc  page  blank 
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1 CAUTION  | 

H Audit  til  parts  carefully  during  assembly  to 
prtvtnt  dtmAgt  to  critical  surface  a and  dimensions. 


israiEsa 


| Use  no  lubricants  in  any  portion  of  the  assembly 

| because  most  lubricants  are  very  volatile  st  room 

| temperature  and  will  cause  serious  contamination 

I in  the  refrigerator  system. 

is  Assemble  the  turbine  wheel  (Part  19)  onto  the  unmagnetlsed  shaft  (Part 

f 7)  as  follows! 

P 

: NOTE:  Inspect  finishes  of  turbine  wheel  bores  prior 

>.  to  assembly  to  ensure  that  the  chemloal  conversion 

coating  and  lubrloative  plating  were  not  damaged  in 
previous  assemblies. 

1.  Scribe  lines  at  each  end  of  the  shaft  on  the  outer  diameter,  along 
the  axis  of  the  shaft  and  along  a line  on  the  back  of  the  turbine  wheel 
adjacent  to  the  shaft,  for  realignment  after  the  balancing  operation. 

2.  Install  the  thrust  end  of  the  shaft  in  the  brass  shaftholder  (a)  and 
tighten  the  clamping  screw.  Place  the  turbine  wheel  (Part  19)  on 
the  opposite  end  of  the  shaft,  aligning  the  scribed  linos.  Thread  the 
wheel  pusher  assembly  (c)  into  the  end  of  the  shaft,  using  the  'breads 
in  the  inside  diameter  of  the  shaft  grinding  center.  (For  details  of 
the  wheel  pusher  assembly,  see  Figure  65. ) Then,  after  rechecking 
the  alignment  of  the  scribed  lines,  tighten  the  wheel  pusher  assembly 
by  holding  the  end  of  the  threaded  rod  (Part  8,  Figure  86)  with  a 
wrench  on  the  flats  and  tighten  the  nut  (Part  11,  Figure  66),  forcing 
the  turbine  wheel  onto  the  shaft. 

Normally,  a torque  on  the  order  of  1. 0 in.  -lb  is  required  to  push 
the  0, 5-inch-dlameter  aluminum  turbine  wheel  onto  the  shaft  with 
0,0004-inch  interference,  wheel-to- shaft  fit.  A sudden  increase 
in  the  torque  value  indicates  the  turbine  wheel  has  been  pushed  com- 
pletely onto  the  shaft  and  the  stop  on  the  inside  diameter  of  the  tur- 
bine wheel  is  touching  the  end  of  the  shaft, 

3.  Remove  the  wheel  pusher  assembly  from  the  shaft  and  insert  the 
special  hexhead  cap  screw  (Part  38)  in  the  threaded  shaft  center. 

This  hexhead  cap  screw,  with  the  top  ground  flat,  is  used  for  the 
viewing  surface  of  the  thrust  proximity  probe  during  final  assembly 
and  testing.  Using  the  socket  wrench  (b),  torque  the  hexhead  cap 
screw  to  5.  6 in.  -lb  by  holding  the  shaft  holder  at  the  opposite  end 
of  the  shaft, 


140 


' '' 


Figure  65.  Wheel 
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4.  Remove  the  shaft  holder  (a)  from  the  shaft  (Part  7). 

BALANCING  THE  ROTATING  ASSEMBLY* 

After  the  turbine  wheel  has  been  installed  onto  the  unmagnetized  shaft  and 
the  hexhead  cap  screw  is  torqusd  in  place,  the  assembly  is  ready  for  the  bal» 
ancing  operation: 

1.  Place  the  assembly  in  a balance  machine  and  balance  it  at  6000  rpm, 
to  the  maximum  unbalance  displacement  in  each  plane  of  2,  0 min. 

For  balance  correction,  remove  material  from  the  turbine  wheel 
and  shaft,  as  outlined  in  Figure  68. 
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Figure  66.  Turboalternator  Shaft  Assembly  Balance  Specifications 

INNER  THRUST  BEARING  ASSEMBLY  (PART  321 

The  part  numbers  in  this  assembly  appear  in  Figure  67.  Preassemble 
this  assembly  on  the  bench. 

1.  Install  the  pivot  screws  (Parts  4 and  6)  in  the  mounting  flange  (Part 
1)  and  In  the  gimbal  ring  (Part  31* 

2.  Assemble  the  thruet  bearing  (Part  2)  in  the  gimbal  ring  by  adjusting 
the  pivot  screws  to  approximately  center  the  thrust  bearing. 

3.  Repeat  the  above  procedure  to  install  ths  assembled  gimbal  and 
thrust  bearing  into  the  mounting  flange.  After  the  above  parts  are 

♦Shaft  balancing  equipment  Is  discussed  in  detail  in  "Shaft  Balance  Equipment, 
above. 
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assembled,  accurately  canter  the  gimbal  ring  and  :hrust  hairing 
and  adjuat  the  tipping  force  of  tha  gimbals. 

4.  Cantar  tha  gimbal  by  using  a No.  43  drill.  0.076  inch  Ln  diameter,  to 
maaaura  tha  spacing  between  tha  gimbal  ring  and  tha  mounting  flange. 
Adjuat  tha  pivot  screws  accordingly. 

8.  Use  a No.  84  drill.  0,  068  inch  ln  dlftmeter,  as  a guide  to  adjust  the 
spacing  for  centering  tha  thrust  bearing  in  the  gimbal. 

6.  Position  the  inner  thrust  bearing  assembly  on  its  test  fixture  (j). 

Whan  tha  thrust  bearing  is  properly  centered,  the  assembly  will 
slip  easily  onto  tha  fixture. 

7.  Adjuat  tha  thrust  bearing  pivot  screws  and  the  gimbal  pivot  screws 
until  a 1. 8-  to  2. 0-g  breakaway  force  is  measured  on  a force  gage 
when  pressed  against  tha  outer  edge  of  the  gimbal  ring  and  the 
thrust  bearing  at  tha  midpoint  between  pivots.  Then  lock  the  pivot 
iicrewa  in  position  by  tightening  the  locking  set  screws  (Parte  8 and  9), 

8.  Rachack  the  centering  of  the  thrust  btsrlng  on  the  test  fixture  (j) 
after  adjusting  the  correct  tipping  force. 

NOTE:  The  gimbal  rings  and  thrust  bearings  are  de- 
signed with  a spring  at  tha  pivot  section*  to  maintain 
the  tipping  force  over  a wide  range  of  temperatures. 
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OUTER  THRUST  BEARING  ASSEMBLY  (PART  13) 

The  same  procedures  are  followed  in  the  assembly  of  the  outer  thrust 
bearing,  as  outlined  above,  for  the  inner  thrust  bearing.  Test  fixture  j, 
used  to  center  the  thrust  bearing,  is  designed  to  accept  both  thrust  bear* 
lugs.  For  details  of  this  assembly  see  Figure  68. 


A 


Figure  68.  Turboalternatcr  Outer  Thrust  Bearing  Assembly 


PRELIMINARY  ,OURNAL  BEARING  ASSEMBLY 
AND  STATOR  INSTALLATION 

1.  Assemble  the  journal  bearing  support  clamps  and  stems  (Parts  26 
and  27)  onto  the  housing  sections  (Parts  8 and  13).  The  spring  stems 
in  bearing  stem  support  assemblies  (Part  27)  must  be  inserted  from 
the  inside  diameter  of  the  housing  before  the  stem  clamps  are  at- 
tached to  the  housing.  The  other  journal  bearing  support  stems  can 
be  Inserted  through  the  stem  clamps  from  the  outside  of  the  housing 
sections. 

2.  Position  the  journal  bearing  stems  off  center  to  allow  clearance  for 
the  installation  of  the  gage  shaft.  (f)  into  the  stator  section  of  the 
housing  (Part  8),  from  the  nozzle  end.  The  nozzle -to -housing 
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rabbet  fit  dimensions  on  the  housing  are  used  to  position  the  gage 
shaft  vertically  and  to  center  the  gage  shult  into  the  housing.  As-  j 

aemble  the  gage  shaft  holder  <g)  to  the  housing  nozzle  flange  with  •] 

three  screws  (Part  10).  Then  gradually  tighten  the  centering  Ecrew  J 

in  the  gage  shaft  holder  to  position  the  gage  shaft  securely  into  the  - 

housing.  j 

3.  Assemble  the  three  journal  hearing  pads  (Part  23)  into  the  housing. 

Check  the  pud  orientation  before  assembly  (l-igure  t>9).  Hold  the  two 
solid  stems  in  the  assemblies  (Purt  28)  firmly,  so  the  pads  are 
against  the  gage  shaft  und  tighten  the  stem  ulamps  securely.  Posi- 
tion the  spring  stem  assembly  (Part  2 7)  so  the  pad  is  hold  gently 
against  the  gage  shaft,  without  applying  pressure  from  the  spring. 

Tighten  the  spring  stem  clamp  securely. 


Figure  (if).  Cryogenic  Turhoulternutor  Tilting-Pad  Journal 
Hearing,  Viewing  Shaft  from  Thrust  End 
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4.  Remove  the  gage  shaft  holder  and  gently  tap  on  the  end  of  the  gage 
shaft  with  the  back  end  of  the  brass  shaft  holder  (c.)  to  loosen  the 


gage  shaft  from  the  housing.  Do  not  allow  the  gage  shaft  to  drop 
out  of  the  housing.  Insert  a dummy  shaft  (h)  through  the  housing  and 
gently  push  the  gage  shaft  out  as  the  dummy  shaft  is  inserted.  The 
ends  of  the  shafts  must  be  held  together  during  this  operation  to  pre- 
vent  the  pads  from  dropping  off.  Tape  the  dummy  shaft  to  the  hous- 
ing so  it  will  not  drop  out. 

5.  To  Install  the  stator  (Part  10),  the  stator  leads  must  first  be  fed 
through  the  housing  and  out  through  the  hole  in  the  housing  wall. 

Orient  the  stator  above  the  housing  so  the  leads  con  be  drawn 
through  as  the  stator  is  Inserted  into  the  housing.  Press  on  the 
stator  shell  to  be  certain  that  the  stator  is  bottomed  in  the  housing. 
Then  tighten  the  set  screw  (Part  46),  to  secure  the  stator  in  position. 

6.  Assomble  the  journal  bearing  pads  in  the  outer  thrust  sections  of  the 
housing  (Part  13)  in  a manner  similar  to  that  described  above;  how- 
ever, It  is  necessary  to  temporarily  remove  the  thruet  bearing  and 
gimbal  assembly  from  thle  section  of  the  housing  by  loosening  one 
of  the  pivot  screws  in  the  housing  section.  Insert  the  same  gage 
shaft  (f)  from  the  thrust  bearing  probe  holder  end  (Part  14)  using 
the  housing  rabbet  fit  dimension  again  to  center  the  gage  ehaft. 

Mount  the  gage  shaft  holder  to  the  outer  thruet  bearing  flange  and 
tighten  the  centering  screw  in  the  holder,  to  position  the  gage  shaft. 
Install  the  pads  and  stems  as  outlined  previously,  using  the  same 
procedures  to  remove  the  gage  shaft  and  install  the  dummy  shaft  (h). 
Then  reinstall  the  thrust  bearing  and  gimbal  assembly  over  the  dummy 
shaft.  Readjust  the  pivot  screw  previously  loosened,  to  give  the 

1.  5-  to  2.0-g  tipping  force  and  the  pivot  locking  screw  reset.  Par- 
tially remove  the  dummy  shaft  from  the  assembly,  but  position  it 
to  hold  the  journal  bearing  pads  in  place  and  allow  retesting  of  the 
centering  of  the  thrust  bearing  with  the  bearing  test  fixture  (j). 


SHAFT  HOUSING  ASSEMBLY 


1.  After  completion  of  the  rotating  assembly  balancing  operation,  Install 
the  brass  shaft  holder  (a)  onto  the  thrust  end  of  the  shaft  and  tighten 
the  clamping  screw.  Hold  the  shaft  securely  by  the  shaft  holder  and 
remove  the  probe  viewing  screw  (Part  32)  from  the  shaft,  using  the 
socket  wrench  (b).  Remove  the  shaft  holding  fixture  from  the  shaft. 

2.  Remove  the  0.  5 -inch-diameter  turbine  wheel  from  the  shaft,  using 
wheel  puller  (d),  Disassemble  the  halves  of  the  wheel  puller  assembly 
(Parts  1 and  2 of  Figure  70)  and  reassemble  them  around  the  turbine 
wheel,  as  shown  in  Figure  70.  Hold  assembled  PartB  1 and  2 of  the 
wheel  puller  (d)  with  a wrench  on  the  flats,  as  the  pulling  force  is 
applied  by  tightening  the  screw,  Part  7 of  Figure  70,  Normally,  a 
torque  of  3 to  4 in.  -lb  is  required  to  remove  the  wheel. 
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Place  the  preassembled,  inner  thrust  bearing  assembly  (Part  22) 
onto  the  previously  assembled  housing  section  (Part  8)  with  the 
journal  bearings  and  stator  Installed. 

Thread  the  tapered  shaft  extension  (i)  into  the  end  of  the  shaft  at  the 
turbine  end.  Insert  the  tapered  extension  and  shaft  through  the  inner 
thrust  bearing  assembly.  Position  the  end  of  the  shaft  extension 
against  the  end  of  the  dummy  shaft  and  gently  remove  the  dummy 
shaft  as  the  shaft  is  installed.  Keep  the  two  shaft  ends  together  so 
the  journal  bearing  pads  do  not  drop  off  the  stems. 

Remove  the  tapered  shaft  extension  and,  using  wheel  pusher  c,  in- 
stall the  0.  5 -inch-diameter  turbino  wheel  and  probe  viewing  screw 
(Part  32).  * After  completing  the  above  assembly,  remove  the  shaft 
holding  fixture  (a). 


Preassemble  the  nozzle  assembly  (Part  18)  on  the  bench.  Do  not  assem- 
ble the  gas  inlet  and  discharge  cylinder  (Part  15)  at  this  time.  Ensure  that 
the  c -seals  are  centered  in  the  seal  grooves  before  the  inner  and  outer  nozzle 
sections  are  assembled.  Orient  the  offset  mounting  holes  in  the  nozzle  sec- 
tions for  correct  alignment  during  assembly.  Torque  the  six  No.  4-40 

0.  5-inch-long  assembly  screws  to  5.  5 in.  -lb,  to  ensure  a metal -to -metal 
seal  at  the  inner  section  adjacent  to  the  nozzle  channels. 


NO  SHIMMING 


Depth  micrometers  are  used  to  measure  the  shaft  position  to  obtain  the 
axial  shim  requirements  (Figure  71).  Table  21  lists  the  clearance  specifica- 
tions and  the  required  depth  micrometer  measurements  and  calculations  to 
determine  the  thickness  of  the  shims.  The  following  procedures  are  used: 

1.  Place  the  partially  assembled  turboalternator  in  a vertical  position, 
thrust  end  up,  on  a stand  with  a cutout  to  clear  the  turbine  wheel. 
Press  down  on  the  inner  thrust  bearing  mounting  flange  to  be  certain 
it  is  fully  seated  onto  the  housing. 

NOTE:  Threaded  holes  have  been  provided  in  the 
outer  flanges  of  the  thrust  boaring  assemblies 
(Parts  13  and  22)  for  jack-out  screws,  if  required. 

2,  Position  the  thrust  clearance  ring  (k)  onto  the  inner  thrust  bearing 
mounting  flange  (Figure  72).  Measure  and  record  Distance  A from 
the  top  of  the  thrust  clearance  ring  to  the  top  of  the  shaft  thrust 
runner. 

♦Described  above  under  "Initial  Wheel-to-bhaft -Assembly.  " 
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Figure  71,  Turboaltarnator  Dimcnaiona  t’or  Shimming  Thruat 
Bearing  Poaition 


Table  21 

AXIAL  SHIMMING  MEASUREMENTS  FOR  TURBOALTERNATOR 

Specifications  Distance  (Inch) 

Wheel-to-nozsle  clearances  0.0015-0.0020 

Shalt  total  axial  travel  between  thruat  0.0004-0,0000 

baarlngi  r—  OptAft-tor,  IntwU 

Inner  Thruat  Bearing  Shim  ▼ *44<tm6ig  «»a4u*tmen*4 

~ — ■**  ktM 

A.  Distance  from  top  of  thruat  clearance  __________ 

ring  (k)  to  top  of  ahaft  thruat  runner 

B.  Repeat  Measurement  1 with  nozzle 
inatalled 

C.  Inner  ahim  (X)  required:  X*(A  - B)  — 

4 0, 0015 

Outer  Thruat  Bearing  Shim 

D.  Repeat  Meaaurement  A with  nozzle  aa-  

aembled  and  inner  thrust  ahlma  <X) 

inatalled. 

E.  Distance  from  top  of  thruat  clearance  

ring  (k)  to  outer  thrust  bearing  surface 

F.  Outer  ahim  (Y)  required:  Y » (0,  732  - E>  , - 

- (D  - 0.  6506)  + 0,  006 
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Figure  72.  Thruit  Clearance  Ring  Positioned  in  Inner  and  Outer 
Thruat  Bearing  Aeeembliei 


3.  Measurement  of  Line  B requires  installation  of  the  nozzle.  Position 
the  nozzle  assembly  on  the  housing,  aligning  the  mounting  holes  in 
the  nozzle  with  the  holes  in  the  housing  flange.  Then  evenly  tighten 
the  assembly  screws  (Part  49)  to  bring  the  nozzle  fully  into  the 
housing.  Measure  and  record  Distance  B. 

4.  Calculate  the  inner  thrust  bearing  shim  requirements,  as  Instructed 
on  Line  C. 

5.  Install  three  shims  of  thickness  x,  calculated  above,  between  the 
housing  and  inner  thrust  bearing  mounting  flange,  120  degrees  apart. 
Be  certain  that  the  inner  thrust  bearing  shims  are  positioned  so  the 
turbine  wheel  is  not  touching  the  nozzle  and  the  shaft  thrust  runner 
is  resting  on  the  inner  thrust  bearing  surface,  Then  measure  and 
record  Distance  D from  the  top  of  the  thrust  clearance  ring  to  the 
top  of  the  shaft  thrust  runner  (the  value  obtained  should  be  the  same 
as  that  for  Measurement  A above). 


6.  Place  the  thrust  clearance  ring  (k)  onto  the  outer  thrust  bearing  as- 
sembly (Figure  72),  Then,  with  the  thrust  bearing  parallel,  measure 
and  record  Distance  E from  the  outer  thrust  bearing  surface  to  the 
top  of  the  thrust  clearance  ring, 

7.  Calculate  the  outer  thrust  bearing  shim  requirements,  as  instructed 
on  Line  F. 


NOTE:  Five  mils  are  added  to  the  above  distance 
measurements.  The  outer  thrust  bearing  cannot  be 
measured  accurately.  Final  shim  adjust:  .ents  are 
made  with  proximity  probes  for  greater  accuracy. 
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8.  Thread  the  tapered  shaft  extension  (i)  into  the  thrust  end  of  the  shaft. 
Install  the  outer  thrust  bearing  assembly  by  positioning  the  dummy 
shaft  against  the  end  of  the  shaft  extension  and  slide  the  outer  thruBl 
bearing  assembly  onto  the  shaft, 

0,  Remove  the  tapered  shaft  extension  and  insert  the  three  outer  bearing 
shims,  of  thickness  y,  calculated  above,  between  the  inner  and  outer 
thrust  bearing  mounting  flanges,  120  degrees  apart. 

10,  With  the  outer  thrust  bearing  in  position,  turn  the  shaft  from  the 

thrust  end  to  be  certain  the  turbine  wheel  and  shaft  are  free  to  rotate. 
Then  gradually  tighten  the  thrust-end  assembly  Bcrews  (part  40). 

Do  not  overtighten  the*  screws;  they  should  be  jUBt  Bnug  enough  to 
hold  the  shims  in  place. 

INSTALLATION  OF  THRUST  PROXIMITY  PRCBE 


Mount  the  turboalteri  inter  assembly  onto  a support  stand,  turbine 
end  down.  Three  lengths  of  4-40  threaded  rod  can  be  used  in  place 
of  three  alternate  nozzle  assembly  screws  to  attach  the  turboalter- 
nator to  the  support,  The  turboalternator  support  should  be  mounted 
on  two  Indexing  tables  so  the  turboalternator  can  be;  rotated  from  a 
vertical  tu  a horizontal  poaition  and  can  be  rotated  radially  nbuut  the 
axis  of  the  shaft..  Figure  73  is  a typical  test  station  showing  oscillo- 
scopes, the  Wayne- Kerr  instruments,  and  n turboalternator  mounted 
on  two  indexing  tables. 

Adjust  the  Indexing  tables  to  position  the  turbualtcrnntor  vertically, 
with  the  turbine  end  down. 

Install.  the  tl  rust  proximity  probe  (Part  11)  into  the  nozzle  block 
by  carefully  turning  the  probe  in  until  it  touches  the  end  of  the  shaft; 
then  bark  it  out  slightly,  and  tighten  the  Jnm  nut. 


| CAUTION  I 

Care  must  be  exercised  in  carrying  out  this  pro- 
cedure, to  nvoid  damaging  the  probe  Textnlite 
threads. 

Connect  a 10-foot  lead  between  the  probe  and  the  Wayne- Kerr  in- 
strument (Model  PM100H). 

Clip  the  ground  lend  from  the  Wnyne-Kerr  Instrument,  to  the  turbo- 
alternator  housing. 

Connect  nn  oscilloscope  to  the  Wnyne-Kerr  recorder  output  through 
the  filter  circuit,  shown  in  the  instruction  manual  for  Wnyne-Kerr 
instruments. 
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Figure  73.  Open-Cycle  Test  Station  for  Turboalternator 

NOTE:  All  of  the  individual  oscillators  in  each 

Wayne- Kerr  instrument  must  be  disconnected  and 
rewired  to  provide  operation  from  a separate, 
single,  50  kHz  supply;  otherwise,  the  individual 
oscillators  v, ill  operate  out  of  phase  and  will 
cause  beating  and  erratic  signals. 

7.  Set  the  oscilloscope  Y-axis  sensitivity  to  0.  2 d-c  V/ cm  and  the 
X-axis  to  a sweep  of  2 nis/cm.  Adjust  Y-axis  gain  control  to 
4.  9 cm  for  1 volt  of  d-c  Input. 

8.  Switch  the  Wayne- Kerr  instrument  to  the  CHECK  position.  Short 
the  oscilloscope  Y-axis  input  nnd  adjust  the  zero  position  to  n point 
that  is  1 cm  down  from  the  top  of  the  screen  scale. 

0.  Switch  the  Y-axis  input  on  the  oscilloscope  to  the  d-e  position  nnd  nd- 
just  the  Wayne- Kerr  set  adjustment  to  give  a 4.  H cm  deflection  on 
the  oscilloscope. 
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10.  Switch  the  Wa,vne-Kerr  instrument  back  to  the  READ  position.  The 
thruBt  proximity  probe  is  then  ready  to  be  used,  and  after  the  ad* 
justments  outlined  above,  the  sensitivity  of  the  oacilloacope  is  400 
|iin/am. 

11.  Readjust  the  thrust  probe  position  so  the  output  signal  from  the 
Wayne-Kerr  instrument  appears  at  the  middle  of  the  oscilloscope 
screen* 

12.  Measure  the  total  thrust  bearing  clearance  by  noting  the  thrust  probe 
signal  level  on  the  oscillc scope  ifter  the  above  setting.  Then  rotate 
the  turboalternator  180  degrees  vertically  and  note  the  thrust  probe 
output  signal  on  the  oscilloscope  with  the  shaft  resting  on  the  outer 
thrust  bearing.  Change  the  outer  thrust  bearing  shim  height  (Y)  as 
required  to  meet  the  specified  total  axial  shaft  travel  of  0,  0004  to 

0.  000C  Ipch,  ar.d  record  the  actual  shim  thickness  on  Line  F of 
Table  21,  for  future  reference. 

13.  The  thrust  proximity  probe  Js  also  used  to  measure  the  clearance 
between  the  turbine  wheel  and  the  nozzle.  Reposition  the  turbo- 
alternator  vertically,  *vith  the  turbine  end  down.  Temporarily  In- 
crease the  thickness  of  the  three  shims  (Y)  by  0.001  inch,  ana 
remeasure  the  total  travel  of  the  shaft  between  thrust  bearings  with 
the  thrust  probe.  Then  graduall)  decrease  the  thickness  of  the  three 
inner  thrust  bearing  shims  (x)  in  steps  of  0,  001  inch.  As  the  value 
of  the  inner  thrust  shims  decreases,  the  thrust  probe  may  have  to  be 
backed  out  so  it  does  not  touch  the  shaft. 

A thickness  of  the  shims  (x)  is  obtained  where  the  turbine  wheel  just 
touches  the  nozzle,  Kiting  the  shaft  off  the  inner  thrust  surface,  re- 
ducing the  total  travel  of  the  shaft.  Once  the  above  condition  is  ob- 
tained the  thickness  of  shlmB  (x)  can  be  calculated  to  provide  a 0.0015- 
0.  OOL'O-lnch  clearance  between  the  turbine  wheel  and  nozzle,  beyond 
the  inner  thrust  bearing  surface.  Record  the  actual  shim  thickness 
on  Line  C',  for  future  reference. 

14.  Install  shims  x and  y of  the  corrected  values  to  meet  the  axial  clear- 
ance specifications,  Align  the  scribe  markB  on  the  outside  of  the 
housing  at  the  thrust  end  to  align  the  journal  bearing  support  stems 
at  each  end  of  the  housing  assembly  and  tighten  the  thrust  assembly 
Bcrews  (Part  40). 

PINAL  JOURNAL  IIARINO  PAD  ADJUSTMENTS 

1.  Adjust  the  indexing  table  to  position  the  turbonlternator  horizontally 
and  rotate  the  turbonlternator  until  the  pad  stems  between  the  shaft 
orbit  proximity  probe  mounting  holes  are  pointing  directly  up,  In 
this  position,  the  turboalternntor  shnft  is  resting  between  the  hnttum 
pads, 
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2.  Install  the  four  proximity  probes  (Part  11)  adjacent  to  the  shaft,  two 
in  the  housing  at  the  turbine  end  and  two  in  the  inner  thrust-bearing 
mounting  flange.  Tighten  the  probes  with  the  jam  nuts. 

! caution] 


Care  must  be  exercised  In  carrying  out  this  pro- 
cedure, to  avoid  damaging  the  probe  Textolite 
threads. 

3.  Connect  the  10-foot  leads  between  the  probes  and  the  Wayne-Kerr  in- 
struments. The  probes  and  Wayne-Kerr  instruments  are  Identified 
by  looking  down  on  the  turboalternator  from  the  turbine  end.  The 
first  probe  on  the  left  is  Xj,  and  the  corresponding  probe  on  the  right 
Is  Yi.  At  the  thrust  end,  the  probe  on  the  left  Is  Xt  and  the  probe 

on  the  right  is  Ys. 

4.  Check  to  ensure  that  the  ground  lead  ia  connected  to  the  turboalter- 
nator housing. 

5.  Each  of  the  probe  output  signals  from  the  four  Wayne-Kerr  instru- 
ments must  be  filtered  and  connected  to  an  oscilloscope  with  dual- 
trace amplifiers  for  both  tho  X axis  and  the  Y axis,  Connect  the  out- 
put from  Probe  Xi  to  the  X axis  and  the  output  from  Probe  Yj  to  the 
Y axis  of  one  trace,  a>td  Xa  and  Ys  to  the  X axis  and  Y axis  of  the 
other  trace. 

6.  Set  the  scope  sensitivity  on  ail  four  channels  to  0.  2 d-c  V/cm  and 
adjust  the  four  channels  to  4,  fl  cm  for  1 volt  of  d-c  input. 

7.  Switch  all  four  Wayne- Ko rh  instruments  to  the  CHECK  position.  Ad- 
just the  four  channels  to  give  n deflection  of  4.  9 cm  by  adjusting 

the  Wayne-Kerr  set  adjustments  and  switching  the  scope  between 
the  shorted  input  and  the  d-c  input, 

8.  Switch  the  Wayne-Kerr  In nt rpments  back  to  the  HEAD  position. 

t).  Short  the  scope  inputs,  and  adjust  the  two  zero  positions  to  points 
that  are  1 cm  down  from  the  top  and  2 cm  in  from  the  right.  Switch 
the  scope  Inputs  to  the  DC  position,  The  orbit  probes  are  then  ready 
to  be  used,  and  after  the  above  adjustments,  the  scope  senuitivity 
is  400  uin/cm. 

10.  Readjust  the  four  probe  positions  so  the  scope  signals  are  just  on  the 
bottom  left  corner  of  the  screen,  This  adjustment  is  made  with  the 
turbos  lie  rnatnr  in  the  position  described  in  Step  1. 

11.  The  shaft  clearances  are  measured  by  rotating  the  uirhoalternator 
assembly  120  degrees  to  the  rirht  and  left  of  the  position  described 
above  for  setting  the  probes  and  plotting  the  probe  readings  in  the 
three  positions.  An  accurate  method  of  recording  the  three  positions 
is  to  take  a triple  exposure  of  the  turbine  end  only,  and  then  of  the 
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thrust  end  only,  wil.li  u , scope  camera.  Cut  u section  of  the  scope  grid 
from  u photo  and  use  this  section  to  measure  the  lengths  of  the  triangle 
legs  formed  by  the  three  points,  in  centimeters.  The  legs  of  the  tri- 
angles should  be  approximately  equal.  Substitute  the  average  value 
of  the  triangle  legs  in  the  following  equation  to  determine  the  mean 
bearing  pivot -point  radial  clearances  In  rnicroinches: 

C “ 115  .0  x (the  length  of  the  average  leg  in  centimeters) 

The  radial  clearance,  C\  of  the  shaft  should  be  24Q±25  rnlcroinchea . 
Greater  differences  in  the  radial  clearances  will  require  adjustment 
of  the  spring  stems  and  pads  tPart  27)  monitored  by  the  proximity 
probes  and  the  oscilloscope  toobt'.inthc  proper  clearance,  During 
the  adjustment  of  the  journal  hearing  puda,  the  support  stems  can  only 
be  moved  minute  distances  or  the  journal  bearing  pads  may  drop  off 
the  stems.  In  this  case,  the  journal  beurings  must  be  reset  to  the 
gage  shaft,  as  outlined  above  under  "Preliminary  Journal  Bearing 
Assembly  and  Stator  Installation. " 


Preliminary  turboalternutnr  performance  tests  ure  made  In  an  open-cycle 
test  station  (Figures  73  and  74).  Figure  73  Is  a cutaway  view  of  the  turboaltcr- 
nator  assembly  for  open-cycle  testing;  a schematic  diagram  of  the  station  is 
shown  in  Figure  78,  High-pressure  gas  (helium  or  nitrogen)  is  supplied  from 
gas  cylinder  banks  and  is  expanded  across  the  turbinp  to  atmospheric  pressure. 
Liquid  nitrogen  temperature  tests  arc?  performed  by  precooling  helium  gas 
with  a cooling  coil  Immersed  in  liquid  nitrogen. 
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Cl  Alternator  Frequency  (hert*) 

HO  Flowmeter  Pleasure  (paig) 
pi  Nor/.le  Inlet  Pressure  (In.  mercury) 

,1  Flowmeter  Heading 
III)  Housing  Pressure  (in.  water) 

Hi  | , oad  Resistance  per  Pliuse  (ohms) 

Vt  Voltage , I .me  to  Neutral  (volts) 

\2  Voltage,  lane  to  Neutral  (volts) 

\ ,(  Voltage,  lane  to  Neut  nil  (volts) 

HI  Shunt  Voltage  (volts) 

H2  Shunt  Voltage  (volts) 

H:(  Shunt  Voltage  (volts) 

’ll)  tiua  Temperature  at  Flowmeter 
T1  Clus  Tempeiature  into  Nox/.le 
S4  Alternator  Winding  Temperature 
SB  Alternator  Winding  Temperature 

Figure  7ft.  Pi  ohm  pul  lurhoulternator  Insi  rmnentaliou 
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Figure  78.  OpenCycle  Turboalternator  Test  Station 

Figure*  73  and  74  show  a two-stag*  turboalternator  mounted  on  two 
Indexing  tablet  In  the  open-cycle  teat  station. 

The  Inlet  gat  flow  Instrumentation  for  testing  two-stage  turboalternators 
la  shown  in  Figure  77  along  with  a moisture  analyser  and  temperature-mea- 
suring Instrumentation.  The  moisture  analyser  is  used  to  monitor  the  mois- 
ture content  of  the  helium  gas  supply  prior  to  low  temperature  teats,  to  re- 
duce the  poiilbUlty  of  ice  cryitalt  hindering  the  operation  of  the  turboalter- 
nator, 

Water  and  mercury  manometers,  not  shown  in  the  above  figures,  are 
used  to  measure  the  housing  and  nossle  pressures. 

A temporary  nossle  gas  inlet  fixture  (o)  Is  attached  to  the  nossle  assembly. 
The  same  stxe-c  seals  used  in  the  nossle  assembly  and  the  gas  connections  are 
also  used  to  assemble  the  gas  inlet  fixtures  onto  the  nozzles,  Attach  the  gas 
inlet  fixtures  to  the  nozzles  by  using  three  4-40  threaded  rods  to  replace  al- 
ternator screws  in  the  nossle  assemblies . Tighten  three  4-40  nuts  against 
the  gas  inlet  future  flanges  to  compress  the  c -seals.  The  threaded  rods  at 
the  turbine  md  should  bo  of  sufficient  length  to  attach  the  turboalternator  to 
the  support  stand  on  the  indexing  tables.  Two  gns  connections  are  provided  in 
the  gas  ,nlet  fixture.  The  larger  connection  ts  for  the  gas  inlet  flow,  and  the 
smaller  connection  ta  used  to  measure  the  nossle  inlet  pressure  on  a mercury 
manometer 
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one  of  the  shaft  orbit  proximity  probes  can  be  used  to  monitor  the 
speed  by  connecting  the  probe  output  signal  to  another  scope  and  cal- 
culating the  speed  from  the  oscilloscope  sweep  rate. 

1.  Chock  to  ensure  the  proper  operation  of  the  turboalternatoi1  by  moni- 
toring the  proximity  probe  signals  on  the  oscilloscopes.  The  orbits 
should  be  quite  small  in  diameter  (approximately  i. / 3 cm  or  smaller 
on  the  oscilloscope  screen)  and  uniform.  If  the  shaft  is  hitting,  the 
orbits  and  the  thrust  signals  will  be  quite  distorted  and  will  contin- 
ually vary  in  size  and  amplitude.  In  this  case,  the  thrust  and  orbit 
measurements  made  with  the  proximity  probes  will  have  to  be  re- 
peated in  order  to  correct  a shim  adjustment  or  a shift  in  a pad 
position.  The  pad  probe  and  thrust  gimbai  signalB  should  be  uniformly 
once  per  oscillation. 

MAGNETIZING  SHAFT  MAGNET 


The  measurements  and  adjustments  outlined  above  under  "Installation 
of  Thrust  Proximity  Probe"  and  "Final  .Journal  Bearing  Pad  Adjustment" 
cannot  be  made  witli  the  shaft  magnet  magnetized,  because  the  force  of  the 
magnet's  field  would  not  allow  the  shaft  to  float  freely  when  measuring  the 
clearances.  Therefore,  the  turboalternutor  must  be  disassembled  to  remove 
and  magnetize  the  shaft.  The  assembly  procedure  muot  therefore  be  reversed 
to  remove  the  shaft  for  magnetizing.  Keep  the  shims  identified  while  the  parts 
are  disassembled,  and  use  the  dummy  shafts  to  hold  the  pads  in  position  as 
the  shaft  is  removed. 

NOTKi  if  ii  is  necessary  10  completely  disassemble 
the  turboalternator,  use  a hole  gage  to  assist  In  the 
removal  of  the  stutor.  Adjust  a 0.3-  to  0.4-inch 
gage  to  the  smallest  diameter  and  insert  it  through 
the  stator,  increase  the  diameter  of  the  hole  gage 
und  gently  lift  the  stator  out  of  the  housing. 


Place  the  shaft,  with  the  turbine  wheel  removed,  in  a p'astic  con- 
tainer (e)  to  protect  the  critical  shaft  surfaces  from  the  metal  field 
yoke  on  the  magnetizing  eml. 


2 Subject  the  shaft  magnet  to  a uniform  field  of  2D  k(J,  in  a plane  per 
pernio  ular  to  the  length  of  the  shaft,  to  fully  magnetize  the  magnet 

3 K'  assemble  .lie  lurboalte i natm  using  the  same  procedures  Now 
all  - • f the  critic, il  clou  ranees  have  been  adjusted.  Install  the  corn 
si,  m.,  during  assembly. 
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SHAFT  BALANCE  EQUIPMENT 

The  turboalternator  shafts  (Part  7)  are  balanced  on  a modified  Model  MV-6 
balancer  (Figure  78),  manufactured  by  Micro  balancing,  Inc.,  in  Farmingdale, 
New  York. 


Figure  78,  Modified  Model  MV-6  Bulancer 

After  reviewing  die  particular  balancing  requirements  of  the  turboulter- 
nator  with  the  representatives  of  Micro  Balancing,  Inc.,  the  following  modi- 
fications were  made  to  provide  a maximum  unbalance  displacement  in  each 
plane  of  approximately  2 . 0 pin,  ; 

• Mu  lancing  speed  of  the  shaft  was  changed  to  6000  rpin,  which  re- 
quired an  additional  fiber  in  the  electronics  of  the  Model  MV-6 
balancer, 

• Heavy  duty,  l/O  inch -wide,  M.ylur  recording  tape  was  used  for  the 
drive  belt  between  i hi  shaft  and  the  motor. 

• Shaft  cradle  and  support  hardware  (figure  7b)  Were  redesigned  to 
reduce  weight  in  i minimum.  Tlie  cradle  suppori  plate  is  supported 
b\  iliteo  bulls  'list  i id  of  i he  usual  four.  The  \ ibrat  ion  t ransdiu  ers 
are  pllieed  as  i lo^i  inj_M'ilii|  ,is  possible,  and  lisloll  rods  t / 1 * > null 
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Figure  7 f) . Balancing  Cradle  Assembly 


PARTS  LIST  FOR  ASSEMBLY  DRAWINGS 

Tables  22  through  24  list,  parts  for  the  14  K radial  impulse  turboulior 
nutnr  and  for  inner  and  outer  thrust  gimbul  assemblies. 
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PARTS  LIST 
RADIAL  IMPULS 
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Table  23 

PA  RTS  LIST  FOR  INNER  THRUST  GIMBAL  ASSEMBLY 

(Group  No.  Gl) 


Uty 

Part 

No. 

Name 

Drawing  No.  /Dcacrtptton 

i 

1 

Housing  --  Inner 
glmbal 

423D43AP-1 

i 

2 

Thruat  bearing 

4231)438  P- 1 
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SPECIFICATIONS  FOR  A SET  OF  SEVEN  CRYOGENIC  HEAT  EXCHANGERS 


This  appendix  includes  a listing  of  the  specifications  that  accompanied 
the  purchase  order  to  Klnergetlca  Incorporated  on  20  November  1072.  There 
were  two  sets  of  modifications  of  these  specifications.  The  first  set  was  sent 
on  17  July  1074.  These  modifications  instructed  the  /endor  to  conduct  thermal 
and  pressure  drop  teats  on  only  the  warmer  two  balanced  flow  heat  exchangers. 
Instead  of  on  all  four,  as  had  been  previously  stipulated,  The  vendor  wsb  also 
instructed  to  conduct  a test  that  would  determine  whether  plugging  of  the  colder 
heat  exchangers  would  occur  bb  a result  of  condensation  of  Impurities  picked 
up  by  the  helium  gas  in  the  warmer  heat  exchangers.  The  second  set  of  mod* 
lflcations  was  sent  on  23  December  1974  and  instructed  the  vendor  to  block  off 
the  coldest  heat  exchanger  and  to  cut  a hole  that  would  vent  this  exchanger  to 
+he  jacket. 


SPECIFICATIONS 

A set  of  seven  cryogenic  heat  exchangers  is  required  for  a three-stage, 
Claude  cycle,  cryogenic  refrigeration  system  (Figure  80).  Tho  refrigerant 
is  helium  gas. 

The  vendor  is  required  to  design,  construct,  und  pressure-drop  test  the 
heat  exchanger  system.  Thermal  performance  testing  by  tho  vendor  is  to  be 
quoted  as  a separate  option.  While  carrying  out  this  work,  the  vendor  shall 
be  called  upon  to  coordinate  with  General  Electric  engineers  to  assure  com- 
patibility of  the  heat  exchanger  system  with  the  rest  of  the  cryogenic  refrig- 
eration system. 

The  heat  exchanger  system  shall  be  provided  by  the  vendor  under  a sub- 
contract with  the  General  Electric  Company,  The  prime  contract  is  between 
the  General  Electric  Company  and  the  l'.  S.  Army.  Am  ii  subcontractor,  the 
heat  exchanger  vendor  shall  lie  subject  to  the  terms  and  conditions  of  the  prim' 
contract. 

The  subcontract  shall  be  on  a fixed  cost,  guaranteed  performance  basis. 
The  performance  guarantee  is  required  for  the  performance  parameters 
tested  by  the  vendor. 

In  the  heut  exchanger  system,  weight  1b  Important;  the  vendor  shall  de 
sign  for  minimum  weight.  In  replying  to  this  request  lor  proposal  the  ven- 
dor shall  provide  his  estimate  of  the  weight  and  size  of  the  heat  exchanger, 
based  upon  an  Initial  design.  It  is  recognized  that  the  weight  and  size  may 
change  somewhat  us  minor  design  mudifUat.ons  are  made  fur  compatibility 
with  tiie  rest  of  the  refrigeration  system. 
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Figure  flO,  Claude  Cycle  Syntern  (Schematic  Diagram) 
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Specifications  for  the  heat  exchanger  system  and  testing  procedures  aro 
given  below. 

THERMAL  PERFORMANCE  AND  PRESSURE  PROP 

Specifications  for  thermal  performance  and  pressure  drop  are  expressed 
in  terms  of  temperatures,  pressures,  and  flow  rates  throughout  the  heat  ex- 
changer system,  as  indicated  in  Figures  80  and  81.  Note:  The  required  ther- 
mal effectiveness  of  all  balanced  flow  heat  exchangerr  is  68.  5 percent;  however, 
the  vendor  shall  design  for  66. 0 percent,  to  be  conservative,  and  the  heat 
exchanger  vendor  shall  be  responsible  for  pressure  drops  only  within  the 
heat  exchanger  cores  and  headers,  The  General  Electric  Company  shall  be 
responsible  for  pressure  drops  in  the  connecting  tubing. 
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1.  Pressures  are  given  in  atmospheres  (absolute). 

2.  Temperatures  are  given  in  degrees  Kelvin. 

3.  Locations  1 through  3 are  identified  in  Figure  80. 

"Location,"  above,  is  the  cycle  station.  For  ex- 
ample, Location  5-4  is  the  inlet  to  the  compressor, 
where  the  pressure  is  1.  100  atmospheres  snd  the 
temperature  is  332.  4VK. 

Figure  81,  Pressure  and  Temperatures  Throughout  System 
STRUCTURE 

In  addition  to  transferring  heat,  the  heat  exehangrr  system  is  the 
principal  structural  member  of  the  cryogenic  refrigerator.  To  minimize 
heat  leaks  and  facilitate  system  construction,  it  is  desirable  not  to  rely 
on  external  support  members,  hut  rather  to  suspend  the  cr>ogenic  components, 
such  ns  turb'nltenmtorn,  on  the  heat  exchangers.  The  final  arrangements 

; ITT. 
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and  support  of  the  cryogenic  components  shall  he  worked  out  in  coordination 
meetings  with  engineers  from  the  vendor's  firm,  the  General  Electric  Com- 
pany, and  the  U.S.  Army. 

General  Configuration 

The  heat  exchanger  system  shall  be  constructed  either  as  a single  unit 
or  as  two  units.  For  example.  Exchangers  1,  2,  3,  and  4 could  be  con- 
structed as  a single  unit,  with  a uniform  cross  section,  and  Exchangers  5, 

8,  and  7 could  be  constructed  as  another  unit,  with  a different  crosa  section. 

A rigid  connection  between  the  two  units  shall  be  provided,  with  the  colder 
unit  supported  entirely  by  the  warmer  unit. 

Attachment  to  Flange 

The  warm  end  of  Heat  Exchanger  7 shall  he  attached  to  a room  temperature 
flange,  The  vendor  shall  provide  a header  capable  of  being  rigidly  attached 
to  the  flange  in  a manner  to  be  worked  out  with  General  Electric  and  V.  S. 

Army  engineers.  Thla  header  is  preferably  the  only  means  of  support  for 
the  entire  set  of  heat  exchangers  and  other  cryogenic  components. 

Support  of  Components 

If  possible,  the  turboalternators  and  a radiation  shield  shall  bt  supported 
by  the  heat  exchangers.  The  vendor  shall  provide  rigid  piping  connections 
to  the  heat  exchangers,  and  tabs  or  protrusions  on  the  headers,  where  needed, 
to  provide  this  support. 

The  total  weight  of  each  of  the  three  turboalternatora  is  estimated  to  be 
10  pounds.  The  center  of  gravity  of  the  turboalternators  is  estimated  to  be 
5 inches  from  the  edge  of  the  heat  exchangers.  The  weight  of  the  radiation 
shield,  to  be  supported  at  the  warm  end  of  Location  3 (Figure  80),  is  estimated 
to  be  between  4 and  6 pounds. 

The  General  Electric  Company  will  select  the  piping  sizes  with  regard 
to  pressure  drop  and  strength,  and  will  be  responsible  for  mounting  the  com- 
ponents on  the  heat  exchangers,  The  vendor  shall  lie  responsible  for  the  strength 
of  the  heat  exchanger  and  the  strength  of  the  mounting  protrusions  and  piping 
connections  to  the  exchangers, 

Turbines  and  Joule-Thomson  valves  shall  he  mounted  to  t.i  * heat  exchanger 
by  means  of  demountable  vacuum -type  seals.  These  seals  shall  permit  re- 
moval of  the  turbine  package#  from  the  heat  exchanger  during  system  develop- 
ment. Half  of  each  seal  (one  flange!  shall  be  mounted  directly  on  the  heat  ex- 
changer headers,  The  flanges  mounted  on  the  heat  exchanger  headera  aha!! 
be  the  flat  flange*  (the  grooved  flanges  will  lie  provided  bv  the  General  Electric 
C«mipanv  and  will  1*»  attached  to  the  turbine  packages), 
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Structural  Iteat  L«ak 

If  the  vendor  require*  external  structural  members  for  support  of  the 
heat  exchanger,  the  turboalternatora,  or  the  radiation  shield,  the  heat  leaks 
through  these  member#  shall  he  used  to  calculate  a corrected  thermal  per- 
formance of  the  heat  exchanger#.  The  corrected  thermal  performance  must 
still  meet  the  thermal  performance  specification#  described  above  under 
"Thermal  Performance  and  Pressure  Drop, " 

LEAKAGE 


The  heat  exchangers  shall  be  bubble  tight,  from  stream  to  stream, 

Bubble  tightness  la  defined  on  page  181  under  ''External  Leakage." 

The  heat  exchanger  must  be  leak  tight  to  the  outside,  as  meauured  by  a 
helium  mass  spectrometer  leak  detector.  Leakage  test  procedures  are 
specified  below. 

DESIGN  LIKE 

The  design  life  of  the  heat  exchangers  shall  be  50UO  hours,  with  100 
cooldown  and  warmup  cycles  required  during  refrigeration  system  testing. 

The  vendor  shall  give  consideration  to  any  degradation  of  materials  that  might 
affect  performance  during  that  period. 

CLEANLINESS 

Cleanliness  procedures  shull  be  observed  during  assembly.  Heat  exchanger 
parts  shall  he  degreased  and  ultrasonicnlly  cleaned  before  assembly. 

Assembly  shall  lie  performed  in  a Class  A,  or  better,  clean  room,  The 
exchangers  shall  he  packaged  for  shipping  in  a clean  heat-sealed  plastic  bag, 
with  dry  nitrogen  packaged  inside. 

TESTING  PKOCE DUKES  --  THERMAL 

Thermal  performance  testing  ahull  in-  an  optional  item  to  be  quoted  se- 
parately by  tin*  vendor.  If  the  General  Electric  Company  elects  to  have  thermal 
performance  tenting  performed  by  the  vendor,  then  the  General  Electric  Com- 
pany and  the  E.S.  Army  will  review  test  plans,  testing  methods,  apparatus, 

«nd  instrumentation  with  the  vendor  and  will  give  approval  before  testing  begins. 

Cryogenic  Tests 

The  four  balanced  flow  exchangers  shall  be  lealeil  hall,  hlualh  b\  the 
vendor,  between  room  temperature  and  liquid  lutingen  temperature,  with 
helium  gas,  The  flow  rate#  „h.i  11  !■<  varied,  and  thermal  e!Te,  tivenes*  men 
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surements  shall  be  obtained  at  two  Heynoida  numbers  above  and  two  Reynolds 
numbers  below  the  design  Reynolds  number. 

Data  Extrapolation 

Data  for  balanced  flow  heat  exchangers  shall  be  extrapolated  to  the  actual 
operating  temperature,  accounting  for  average  fin  thermal  conductivity,  Longi- 
tudinal heat  conduction,  and  average  helium  density,  thermal  conductivity, 
and  viscosity.  Heat  transfer  data  obtained  in  balanced  flow  exchanger  teats 
shall  be  uacd  to  predict  unbalanced  flow  exchanger  performance  at  operating 
conditions. 

Errors  in  both  the  experiments  and  the  data  cxtrapolationj  must  be  suf- 
ficiently small  to  assure  achieving  the  thermal  performance  goals.  A sim- 
plified analysis  of  errors  shall  be  conducted  by  the  vendor, 

TESTING  PROCEDURES  --  PRESSURE  DROP 

Pressure  drop  testing  shall  be  performed  by  the  vendor  even  though 
thermal  tests  may  not  be  performed  by  the  vendor. 

Row  Tests 


The  vendor  shall  test  both  streams  of  each  of  seven  exchangers  with  ni- 
trogen gas  flowing  at  room  temperature  and  neur  atmospheric  pressure. 
Pressure  drops  ahull  be  measured  with  Reynolds  numbers  at  two  points  below 
and  two  points  above  the  design  Reynolds  number. 

I ’ • 

Similar  tests  shall  he  made  with  one  stream  of  one  heat  exchanger  using 
helium  gas  ut  room  temperature  and  near  atmospheric  pressure,  ;•#»  n test 
uf  the  extrapolation  method. 

Data  Extrapolation 

The  vendor  aha  lie  xtrapolnte  pressure  drop  results  to  actual  operating 
conditions  for  all  exchangers,  taking  into  account  average  gas  density  and 
viscosity. 

THERMAL  CYCLING 

Before  leakage  testing,  all  exchangers  shall  be  cycled  between  room 
temperature  and  liquid  nitrogen  temperature  at  least  three  times.  Each 
cycle  must  be  accomplished  in  less  than  one  tiour.  The  cycling  mas  be  ac- 
complished by  submerging  the  exchangers  m liquid  nitrogen. 
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TESTING  PROCEDURES  ■-  LEAKAGE 
Stream  -To -St  roam  Leakage1 

Strcain-tu-strcuin  leu  kayo  ahull  l>a  measured  In  all  heat  exchangur*  ut 
once,  with  the  exchangers  at  a temperature  below  lOU'K.  W ith  '»U  porta  of 
the  uxehunyora  blocked,  except  for  one  port  on  each  aide,  the  exchangers  shall 
be  preaauri/.ed  on  one  aide  with  iielium  yua  at  20  palp.  With  the  other  aide 
at  about  atmospheric  pressure,  the  leakage  yas  ahull  be  collected  and  mea- 
sured. An  acceptable  leusayc  level  shall  be  a mass  flow  rate  leas  than  1 * 

10"°  utm-onrV  wee,  which  corresponds  approximately  to  bubble  tightness, 

External  l.cnkayo 

Leaks  through  the  esohanycr  outer  walla  shall  be  measured  by  menus  of 
u helium  mass  spectrometer  havlnu  a sensitivity  oT  ut  leuat  10“*'  lurr -lltprs/sec. 
With  the  exchangers  at  room  temperature,  the  Inside  shall  he  connected 
to  the  leak  detector  ami  evacuated.  Helium  shall  he  introduced  in  a plas- 
tic buy  outside  the  exehunyor  to  Indicate  the  existence  of  leaks,  and  any  leak 
shall  ho  located  by  local  pro'dny.  The  lesl  shall  he  repeated  with  the  ex- 
changer below  100rK,  Any  1 ’nkayc  Indicated  h>  the  leak  detector  Khali  be 
repaired, 

WITNESS  TESTING 


At  lea  si  one  scries  of  heat  transfer  tests  tif  performed  b*  the  vendor) 
and  pressure  drop  testa  shall  be  witnessed  by  a General  Electric  and/or  a 
II,  S,  Anm  representative,  tine-week  notice  of  these  tests  shall  be  yivtn 
bv  the  vendin'. 
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Prepare  Initial  design  and  review 
with  General  Electric. 

Prepare  final  design  and  review  with 
General  Electric  and  U.S.  Army  (one 
trip  by  vendor  to  Ft.  Uelvoir,  Virginia). 

Fabricate  heat  exchanger  system. 

Complete  pressure  drop  and  heat 
transfer  tests  (General  Electric  visit 
to  vendor). 

Ship  deliverable  items. 


Ifi  March  1072 

14  April  1972 

1 5 June  1 972 
14  July  1972 

17  July  1972 


I.1EL1VERAH1.E  ITEMS 


The  following  items  nr  to  be  delivered  under  the  contract. 


j’JLLL'  Dose  ription 

1 One  (1)  set  of  seven  cryogenic  heat  exchangers 

2 Three  (3)  copies  of  u letter  report,  including  a brief 
description  of  teat  apparatus  and  procedures,  results 
of  beat  ttausfer  testing  (if  performed)  and  pressure- 
drop  testing  (both  basic  test  results  and  extrapo- 
lations to  actual  operating  conditions),  and  a summary 
of  structural  calculations 

>1  Three  (3)  wets  of  heat  exchanger  system  drawings 

(outline  and  detailed  drawings  are  required  >. 
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INTRODUCTION 


This  report  describes  the  test  apparatus,  procedures,  and  results  of  heat  transfer  testing 
and  pressure  drop  testing  of  the  heat  exchanger  fabricated  to  General  Electric 
Specification  No.  GL- 12913.  The  exchanger  rystem  Is  part  of  a three-stage  Claude 
cyclw  cryogenic  refrigeration  system.  The  refrigerant  Is  helium  gas. 

Due  to  problems  tn  the  thermal  performance  test  system,  the  98.5  percent  design 
effectiveness  of  the  warm  end,  balanced  section  of  the  heat  exchanger  was  not  direct- 
ly c-  monstrated  In  testing.  The  degree  of  vacuum  required  in  the  vacuum  test  chamber, 
to  minimise  external  heat  leaks  during  testing,  could  not  be  attained.  A helium  leak 
In  the  helium  flow  circuit  In  the  chamber  Is  suspected  as  the  cause.  The  Inadequate 
vacuum  and  possible  helium  leak  combined  with  an  extrapolation  of  the  cool-down  flow 
vs.  liquid  nitrogen  boll-off  data  point  to  a large  heat  leak  tn  the  exchanger  test  system. 
The  pressing  nature  of  the  schedule  did  not  leave  time  to  pursue  a cure  of  the  problem. 

The  cold  end  balanced  flew  section  In  Hie  exchanger  was  bonded  In  place  but  Is  Inop- 
erative, It  Is  sealed  off  from  Hie  remaining  operative  six  sections  of  Hie  heat 
exchanger.  Difficulties  encountered  with  leakage  In  this  section  during  assembly  of 
the  heat  exchanger  and  time  limitations  were  factors  In  the  decision  to  install  the  section 
as  a ’’dummy"  in  the  system, 

II.  EXCHANGER  SYSTEM  CONFIGURATION 

The  heat  exchanger  system  consists  of  a set  of  seven  heat  exchanger  sections,  four 
balanced-flow  and  three  unbalanced-flow,  alternately  mounted  In  series.  Each  section 
Is  composed  of  a sandwich  of  alternating  .0075  dla.  mesh  copper  screen  parts  and 
thermoplastic  sheet  parts  which  have  been  heated  and  pressed  to  force  Hie  thermoplastic 
through  the  screen  voids.  The  flow  passages  are  formed  by  precutting  holes  of  the 
desired  size,  shape,  and  location  in  the  thermoplastic  sheets.  Figure  1 Is  a photograph 
of  a completed  section,  and  Figure  2 Indicates  the  construction  concept.  The  fused 
thermoplastic  forms  solid  walls  which  separate  the  gas  flows  from  each  other  and  from 
the  outside  atmosphere.  Heat  It  transferred  to  and  from  the  gas  by  passage  over  Hie  wire 
mesh.  Heat  transfer  between  passages  Is  accomplished  by  conduction  through  the  screen 
wires,  which  run  unbroken  through  the  plastic  separating  walls.  At  the  same  time,  the 
plastic  forms  an  effective  Insulator  to  conduction  In  the  longitudinal  direction.  Flow 
Imbalance  compensation  Is  obtained  by  varying  the  flow  area  In  Hie  center  portion  of  the 
exchanger  as  discussed  by  Cowans'^. 

The  exchanger  system  Is  effectively  clamped  together  In  the  longitudinal  direction  by 
an  Inconel  bolt  which  tuns  down  the  open  center.  This  clamp  greatly  strengthens  the 


I.  k.  W1.  towans,  ADVANCES  IN  CRYOGENIC  ENGINEERING,  VOL.  19,  Plenum 
Press,  New  York  (1974),  p 437, 
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exchanger  and  helps  to  prevent  leakage  at  all  bonded  joints.  The  bolt  is  a C','  inch 
diameter  Inconel  718  rod,  threaded  on  the  warm  end.  The  hanged  cold  end  * -a  ried 
In  Q stainless  steel  cap  structure  which  transfers  the  load  to  the  exchanger  bod/.  The 
threaded  end  carries  a nut  and  washer  which  transfer  loads  to  a set  of  three  Belleville 
springs.  It  was  originally  Intended  to  use  five  Belleville  springs,  but  it  was  not  pos- 
sible to  start  the  nut  on  the  bolt  threads  with  the  five  In  place  because  the  exchanger  was 
slightly  longer  than  anticipated.  The  next  lowest  odd  number  of  springs  had  to  be  used. 
These  springs  are  carried  in  the  warm  end  manifold  structure,  and  the  loads  are  trans- 
ferred to  the  exchanger  body  through  this  structure. 

The  heat  exchanger  Is  enclosed  in  a stainless  steel  cylindrical  shell  of  .050  inch 
wall  thickness  with  a flat  ,25  Inch  thick  end  plate  welded  on  one  end  and  a flange, 
with  a bolt  hole  pattern,  welded  on  the  other  end.  The  can  is  bolted  to  the  warm  end 
manifold  of  the  exchanger  and  uses  a neoprene  O-ring  between  the  flanges  for  sealing. 
There  Is  a nominal  .050  Inch  gap  between  the  exchanger  outer  surface  and  the  Inside 
shell  wall  which  has  been  partially  filled  with  seven  one-inch  wide  strips,  spaced  along 
the  length  of  the  exchanger  and  bonded  around  the  circumference  of  the  exchanger,  of 
a furry,  compliant  cotton  material  which  retains  its  compliance  at  liquid  nitrogen 
temperatures.  This  material  serves  to  impede  thermal  conduction  currents  between  the  cold 
and  warm  end  of  the  exchanger.  Holes  are  cut  in  the  shell  to  provide  for  the  supply  and 
return  port  flanges,  which  emerge  from  the  manifold  and  connect  to  the  cryogenic  system 
turbines  and  other  auxiliaries.  Special  lateral  movement  bellows  have  been  designed  not 
only  to  provide  for  longitudinal  movement  of  the  heat  exchanger  body  with  lespect  to  the 
outer  shell,  but  also  to  retain  any  leaking  helium  within  the  shell . Each  port  flange  has 
a bellows  with  one  end  welded  to  the  outer  shell  and  the  other  end  to  the  flange  on  the 
end  of  the  port  tube  (see  detail  In  Figure  3),  Therefore,  when  the  heat  exchanger  body 
expands  or  contracts  longitudinally  due  to  temperature  changes,  the  bellows  deflect 
laterally, 

The  Belleville  sprtngs  are  sized  ond  deflected  to  provide  o damping  load  varying  from 
15,800  lb  warm  to  12,000  lb  cold.  The  load  variation  occurs  because  of  approximate 
0,126  Inch  differential  betwoen  the  exchanger  body  and  the  bolt  during  cool-down, 

The  exchanger  weighs  approximately  250  lb  and  can  be  seen  os  a layout  in  Figure  3 and 

In  a photograph  in  Figure  4, 

III.  STRESS  ANALYSIS  OF  PORT  TUBES 

The  design  criterion  relative  to  port  tube  strength  in  the  heat  exchanger  states  that 
each  port  tube  shall  be  able  to  withstand  a bending  torque  of  170  newton-meters  (125 
ft-lb)  at  the  exchange,  core  wall,  and  a force  In  line  with  the  pipe  of  1110  newtons 
(250  lb)  in  either  direction.  The  port  tube  is  illustrated  In  the  Kl  drawing  package  In 
drawing  ^37 11.  The  length  of  the  tube  From  the  flange  end  to  the  exchanger  core  is 
3,965  Inches,  the  outer  diameter  Is  ,875  Inch,  and  the  inner  diameter  is  ,635  Inch, 

The  following  Is  a calculation  of  the  stress  In  the  tube  due  to  the  bending  torque  applied 
(assuming  elastic  bending  theory  Is  applicable). 
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where ; 


M y 

T~ 


2 

a » stress  in  fob#  due  to  bending  (Ib/ln  ) 

M “ bending  torque  (ft-lb) 

y ■ distance  from  neutral  axis  to  outermost  wall  (in) 

4 

I *»  moment  of  inertia  (in  ) 


for  this  particular  case: 

M - 125  ft-lb  * 1500  in-lb 
y - .875/2  in 


(1500  In-lb)  (.4375  In) 

* = ^2 

.0208  in* 


.635 


4 


= .0208  In4 


31,561.1  lb/in2 


This  bending  stress  Is  acceptable  for  the  material  being  used,  stainless  steel  304,  which 
has  a yield  stress  of  approximately  35,000  Ib/ln^.  Should  the  bending  stress  exceed 
35,000  Ih/ln^,  plastic  elongation  may  occur . Only  gross  plastic  elongation  would  be 
critical  to  the  design. 


The  stress  In  the  header  pipe  due  to  a 1110  newton  (250  lb)  force  In  line  with  the  pipe 
Is  analyzed  as  follows . 

For  the  case  of  tension  or  compression: 


s 


F 

T 


where: 

2 

s 3 stress  In  the  pipe  due  to  tension  or  compression  (Ib/ln  ) 
F ■ tensile  force  (lb) 

2 

A 3 cross-sectional  area  of  pipe  (In  ) 


l no 


for  this  case: 


F = 250  1b 

2 2 
A * »(R  -R0  ) 


* IT 


.£75 


, 2 


.635 


.285  In4 


, « , 25PJby-  o 878.34  lb/ln2 
.285  m 

The  streu  due  to  compression  or  tension  Is  well  below  the  yield  stress. 


For  the  case  of  buckling  due  to  compression! 
Pc  • 


it2  E 


where: 


P £ = elastic  buckling  load  (lb) 

2 

E a modulus  of  elasticity  (lb/ln  ) 

4 

I - moment  of  Inertia  (In  ) 

Le  ® effective  length  of  the  tube  (In) 


for  this  case: 


E = 29  x 106  lb/ln2 
I * .0208  In4 

L0*  - 0.7  L « 0.7  (3.965  In)  * 2.7755  In 

„ _ it2  (29  x 106  lb/ln2  )(. 0208  In4) 

pe  = ~ — s 

(2.7755  InT 


7.7282  x I03  lb 


The  force  required  to  buckle  the  pipe  is  far  In  excess  of  250  lb. 


* The  header  tube  Is  best  represented  as  a plnned-fixed  column  In  which  case  the 
effective  length  Is  given  as  .71. 
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IV.  TEST  PROCEDURE  AND  RESULTS 


The  test  specif! cations  called  for  four  separate  performance  tests: 

1)  External  leakage 

2)  Stream-to-stream  leakage 

3)  Pressure  drop 

4)  Thermal  effectiveness 

The  following  sections  describe  the  procedures  used  and  the  results  obtained. 

1 . External  Leakage 

Leaks  through  the  exchanger  shell  wersyneasured  by  means  of  a helium  mass  spectro- 
meter having  a sensitivity  of  1 .5  x 10  Torr  llters/iec.  With  the  exchanger  at  room 
temperature,  the  Inside  was  connected  to  a diffusion  pump  and  leak  detector  and 
evacuated.  The  system  was  evacuated  for  a period  of  three  days  with  the  best  helium 
background  reading,  on  the  leak  detector,  being  4400  divisions.  Bagging  the 
exchanger  assembly  and  filling  the  bag  with  helium  gas  produced  no  significant 
change  In  the  background  reading.  The  calibrated  helium  leak  of  3.7x  10“®  ltd 
cc/sec  corresponded  to  80  divisions  on  the  leak  detector,  Therefore,  the  4400  divi- 
sions would  correspond  to  a helium  leak  no  larger  than  2.04  x 1 0"6  std  cc/sec.  It  Is 
postulated  that  the  high  helium  background  reading  Is  due  to  outpauing  of  the 
exchanger,  since  it  had  been  stream-to-stream  leak  tested  with  helium  upon  completion 
of  assembly. 

A second  external  leakage  test  was  to  be  performed  upon  completion  of  the  thermal 
performance  tests,  by  which  time  the  exchanger  would  have  experienced  several  cool- 
down cycles.  The  test  was  to  involve  pressurizing  the  exchanger  with  helium  gas  and 
using  a helium  sniffer,  connected  to  the  leak  detector,  around  the  outside  to  detect 
leakage  through  the  shell  . This  test  was  not  performed  due  to  the  request  to  ship  the 
exchanger . 

2.  Streom-to-Stream  Leakage 

Stream-to-stream  leakage  was  measured  In  all  heat  exchangers  at  once,  with  the  temp- 
erature below  100°  K and  also  at  room  temperature.  Directly  upon  completion  of  the 
thermal  performance  test,  while  the  exchanger  system  was  still  cold,  the  vacuum  chamber 
was  opened.  With  positive  helium  pressure  on  the  system,  one  of  the  bellows  hoses  was 
detached  from  the  exchanger  port  and  both  openings  were  capped.  This  physically  sepa- 
rated the  high  pressure  side  of  the  exchanger  from  the  low  pressure  side.  The  high  pressure 
side  was  then  pressurized  to  20  pslg.  The  low  pressure  side  of  the  exchanger  rose  at  a 


rate  of  10  psi  ;7\  sec  until  equilibrium  with  tht  high  pressure  side  was  reached.  This 
leak  corresponds  to  less  than  1 .8  percent  of  the  operating  helium  flow  rate. 

The  same  test  was  made,  without  changing  the  test  arrangement,  after  the  exchanger 
had  reached  room  temperature . The  high  pressure  side  was  pressurized  to  20  ptlg  and 
valued  off.  The  low  pressure  side  of  the  exchanger  showed  no  increase  In  pressure, 
although  the  high  pressure  side  decayed  at  a rato  of  approximately  8 psi/mlnute. 

It  appears  that  a relatively  small  stream-ro-stream  leak,  at  room  temperature,  opens 
up  at  operating  temperatures.  The  pressure  decay  on  the  high  pressure  side  was  due 
to  a leak  In  the  adjoining  helium  circuit  outside  of  the  exchanger.  The  exchanger 
Itself  was  then  separated  from  the  adjoining  hoses  and  IN,  dewar  and  both  high  and 
low  pressure  streams  were  pretsute  decay  tested  at  room  temperature.  In  each  case, 
the  stream  to  be  tested  was  pressurized  to  20  psig  of  helium  gas  and  valved  off  from 
the  source . Decay  on  both  sides  was  less  than  .2  pit  /minute. 

Preliminary  room  temperature  »tream-to-stream  pressure  decay  leak  tests  had  been  per- 
formed on  both  the  high  and  low  pressure  streams  ot  the  exchanger  upon  completion  of 
assembly.  The  low  pressure  side  decayed  at  a rate  of  approximately  .2  psi/mlnute  and 
the  high  pressure  side  decayed  at  a rate  of  approximately  .12  psi/mlnute.  Both  leak 
rates  were  considered  acceptable. 

3.  Pressure  Drop 

Pressure  drop  measurements  were  made  on  both  streams  on  various  combinations  of  two 
(balanced  an<J  unbalanced)  of  the  six  operating  exchanger  sections  with  nitrogen  gas  at 
room  temperature.  Each  exchanger  section  could  not  be  tested  individually,  except 
for  *7,  due  to  the  design  of  the  exchanger  system,  which  does  not  provide  an  Inlet  and 
outlet  for  each  stream  of  each  section  (Figure  5).  For  each  section  combination,  pressure 
drops  were  measured  at  Reynolds  numbers  two  points  below  and  two  potnts  above  the 
design  Reynolds  number. 

The  procedure  was  to  flow  gas  from  a compressed  nitrogen  bottle  into  the  exchanger 
section(s)  with  a pressure  gauge  and  a laminar  flow  meter  in  the  system  (see  Figure  6). 

The  pressure  efrop  through  the  section(s)  and  downstream  of  the  test  system  was  indicated 
by  the  Inlet  pressure  gauge.  The  pressure  drop  through  the  section(s)  alone  was  found 
by  subtracting  the  downstream  test  system  pressure  ck-op,  ot  the  given  flow  rate,  from  the 
overall  pressure  drop  read  on  the  Inlet  pressure  gauge.  Data  was  token  separately  for 
pressure  drop  vs.  flow  in  the  downstream  test  system  alone  (Figure  71. 

Pressure  drop  measurements  were  made  prior  to  the  external  leakage  test,  In  which  the 
can  was  evacuated.  It  was  decided  not  to  make  the  one  required  pressure  drop  test , 
using  helium  gas,  until  later  In  the  program  because  the  Introduction  of  helium  gos 
Into  the  exchanger  would  reduce  sensitivity  of  the  leok  detector  to  be  used  In  the 
external  leakage  test . 
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BALANCED  SECTION  *7 
UNBALANCED  SECTION  *6 


BALANCED  SECTION  *5 


UNBALANCED  SECTION  U 
BALANCED  SECTION  *3 
UNBALANCED  SECTION  *2 

BALANCED  SECTION  *1 
(INOPERATIVE) 


S - SUPPLY  PORT 
R - RETURN  PORT 


FIGURE  5 - SCHEMATIC  OF  HEAT  EXCHANGER  SYSTEM 
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The  set  of  pressure  ctop  measurements  performed  was  determined  to  be  invalid  because 
the  pressure  drop  through  the  testing  system  was  much  greater  than  that  through  the 
exchanger  »ect1on(s).  After  It  was  determined  that  the  data  was  Invalid,  It  was  decided 
to  continue  on  to  the  external  leakage  test  and  come  back  to  the  pressure  drop  measure- 
ments after  completion  of  all  other  tests.  The  order  to  stop  work  and  ship  the  exchanger 
was  received  before  the  pressure  drop  measurements  oould  be  remade , Table  1 presents 
the  data  taken  on  the  first  attempt , 

The  following  equation,  taken  from  the  Hagen-Poisevtlle  equation  for  laminar  flow, 
would  be  used  to  extrapolate  pressure  dop  test  data  (N2  subscript)  to  actual  operating 
conditions  ( H#  subscript). 


where: 


&Phc  " pressure  dop  through  sectton(s)  at  operating  conditions 


A Pjsjj  ••  pressure  dop  through  secticn(s)  at  test  conditions 
I A P-  c ■ pressure  dop  through  the  test  system  alone 

1 I iu  • 


Q|sl2  ■ volumetric  flow  through  test  system 
A hc  * operating  moss  flow  rate 


°Ht  “ average  cknslty  of  helium  gas  In  section(s)  under  operating 
conditions 

UH»  " av®rafle  viscosity  of  helium  gas  in  section(s)  under  operating 
conditions 

ts>2  “ average  viscosity  of  nitrogen  gas  in  sectlon(s)  under  test 
conditions 

4.  Thermal  Performance  Test 

The  raw  test  data  for  the  warmest  balanced  section  is  presented  In  Table  2,  included 
Is  the  system  flow  rate,  pressure,  and  nitrogen  boil-off  flqw  rate.  This  dottr  was  taken 
with  a vacuum,  In  the  test  chamber,  varying  from  8 x TO"3  Torr  to  25  x lO"*3  Torr, 

The  cool-down  was  started  with  a vacuum  of  3 x 10-4  Torr,  but  this  vacuum  rose  to 
the  above  range  after  1 -1/2  hours  Into  the  cool-down.  Apparently,  a leak  In  the  system 
opened  up  at  this  point.  A schematic  of  the  testing  system  Is  shown  In  Figure  8. 
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Helium  Flow 
Reading 

(In*  H2O) 

System 

Pressures 

(P»l) 

Nltrog< 
Boll -Ol 

(%  of 

2.50 

14.6/11 .2 

43 

3.20 

14.6/10.2 

50 

3.53 

14.3/  9.7 

48 

3.9 

14.4/  9.2 

52 

4.35 

14.1/8.7 

52 

109*  K at  *1  supply  port,  20  x 10"3  Torr  vacuum. 

Equipment ; 

flow  Matari  - F4  Flihar  and  Porter  Flowrator  Modal  10A27350, 
tuba  No.  FP-3/4-27-G-10/B0 


Prauura 

Gauges  - P29,  U.  S.  Gauge  BU-2579-A 

P47,  U.  S.  Gauge  AW-2926AB01 

Vacuum 

Gauges  - VAC3,  CVC  Type  G PH-100C 

VAC4,  Thermocouple  vacuum  gauge  NRC  802-A 

Thermocouple 

Bridge  - Tl,  Leeds  and  Northrop,  Model  8693 


(1)  See  Figure  8 for  location  of  pressure  gauges. 

(2)  Flowmeter  R4,  maximum  flow  H .0  scfm  air  @ STP . 


Table  2 - Thermal  Effectiveness  Test  Data 
at  Five  Flow  Points 
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To  obtain  exchanger  thermal  effectlveneu,  the  data  U reduced  a*  follow*: 

1)  The  Mtflam  flowmeter  curve*  are  entered  at  the  appropriate 
differential  procure  to  obtain  the  corresponding  scfm  of  air. 

Thl*  value  It  then  corrected  for  helium  viscosity  (x  .912)  and 
multiplied  by  the  denilty  of  helium,  calculated  at  100*  P and 
the  tyttem  outlet  pressure,  to  obtain  Ihe  helium  man  flow  rate. 

2)  The  N2  flowmeter  reading*  are  multiplied  by  11  *efm  (the  maxi- 
mum flow  rate)  and  the  denilty  of  nitrogen  at  room  condition* 
to  obtain  the  N2  boll-off  ma»»  flow  rate. 

3)  The  temperature  difference  acre**  the  ga*  flow*  (6T)  I*  then 
found  by  comparing  the  heat  capacity  of  the  helium  flow  to 
the  N2  mau  flow  time*  the  latent  heat  of  LNj»  1 ••  • t 

lhN2  *N2  " *H#CpH#  5T 

or'  1 

*N2  ^N2 

8T  * ihH,  CPH# 

4)  The  effectiveness  I*  calculated  by  the  equation: 

£i— 

AT  + ST 

where  ATI*  the  temperature  difference  between  the  ga*  entering 
the  warm  end  and  the  ga*  leaving  the  cold  end. 

A sample  calculation  of  the  data  reduction  procedure  I*  ihown  on  the  following  page. 
Table  3 shows  the  reduced  data  for  the  five  flow  point*  observed  during  the  te*t. 

The  calculated  effect! venest  of  the  exchanger,  extrapolated  to  operation  conditions,  I* 
a I moit  93  percent.  The  design  effectlveneu  wa»  99  percent  and  the  required  effective- 
ness Is  98.5  percent,  A linear  extrapolation  of  the  five  helium  flow  vs.  nitrogen  boll- 
off  point*  shows  a 32  percent  boll -off  at  aero  flow  (Figure  9).  This,  along  with  the 
poor  vacuum  of  25  x 10*3  Torr  under  whleh  the  test  was  run,  I*  Indicative  of  a large 
heat  leak  In  the  testing  lyitem,  Correction  of  the  boll -off  data  for  the  maximum  flow 
point  recorded  (4.35  Inches  H2O  @ 52  percent  boll-off)  gives  on  efficiency  of  97.11 
percent.  It  Is  believed  that  the  linear  extrapolation  is  conservative  and  that  a con- 
cave curve,  which  opens  upward,  would  be  0 closer  approximation.  This  belief  Is 
given  substance  upon  making  reference  to  a graph  of  helium  flow  vs.  nitrogen  boil-off 
for  a similar  high  efficiency  heat  exchanger  constructed  several  years  ago  by  Kl  for 
General  Electric  (G.E.  P.O.  002-206289)  (Figure  10). 
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Effoctivonoii  Doto  Reduction 
(typical) 


Data  Point  1: 

H.  flow  reading  2.5  Inehei  fyO,  p ■ 14.6  pitg 
N2  flow  reading  43  percent 
Helium  Mom  Plow 


«*«■»«  ■ ’•‘(tw1-)  ' 31  •“ 

vlicoilty  correction  factor  li  .912 
for  ■ 1 .90  x 10"4  polio 

na|r  ■ 1 .00  x NT*  polio 


QH.  (ocfm)  - 


.912  x 31.25  - 20.5 

I 

28.5 

I 


60 


1.1 1069  x 10-5 


IOC 

^7 


4*H#  “ 4.160  gm/tee 


. _ 29.3 

®h,  ■ 380738rrr? 


Nitrogen  Man  Plow 


Qjvjj  (»cfm)  • .43  (II  .0  icfm) 

I 

*N2  " ^2^2  " I4*73 


- 4.73 


i 


.0753 

l 


Jbjn) 

TT 


60 


I \ 


win 

IOC 


»N2 


RK 


14,7  x 144 

srrrrrrcr 


iti  fsjj  » 2.695  gm/sec 


Effectiveness  Data  Reduction 


(continued) 


6T  and  AT 


CP  5T  » *n2 

fh  f^2  ^ N2 


6T 


*H,  CF 


^n2  - '3">  sis 


1.25 


BTU 


195.83 

2.9042 


watt -sec 
gm 

watt*  sec 


gm 


t 


, „ 2.695  x 195.83  _ *o  »p 

6T  " TTU8  h TXXT  43,59  F 

AT  ■ 118°  F - (-260*  F)  * 378°  F 


Effectiveness: 
c “ 


AT 

AT  rST 


378 

5 = "378  + 43.57 


= .8966 


r 

1 

1 

* He 

*N2 

Hollum  Man  Flow 

Nlfroflon  Mats  Flow 

EffocHvontu 

(flm/*oc) 

(gm/mc) 

<%) 

FIGURE  9 - HELIUM  FLOW  VS.  NITROGEN  BOIL-OFF 
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FIGURE  10  - HELIUM  FLOW  v».  N2  BO  HOFF 
FOR  G.E.  AND  Aft  FORCE 
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V.  SUMMARY  AND  CONCLUSIONS 

Problem*  with  ths  thermal  testing  system  and  time  limitations  were  the  main  causes  of 
the  apparently  Inconclusive  data  on  the  performance  of  the  heat  exchanger.  It  Is 
believed  that  the  93  percent  effectiveness  of  rhe  exchanger,  which  was  determined 
from  the  one  thermal  performance  test  made,  Is  due  to  leakage  within  the  vacuum 
chamber,  which  can  Introduce  severe  heat  leaks,  and  Is  not  Inherent  In  the  heat 
exchanger  itself.  Extrapolation  of  the  Helium  flow  vs.  Nitrogen  boll*«ff  data  points 
lend  credance  to  this  view.  External  leakage  tests  revealed  no  gross  vacuum  leaks, 
but  the  tests  were  made  at  room  temperature  and  after  the  system  had  been  exposed 
to  helium  gas.  The  background  Indicated  by  the  heltum  leak  detector  was  relatively 
high,  due  to  helium  and  outgasslng  In  the  heat  exchanger;  this  prohibited  detection 
of  medium  and  smalt  leaks.  Stream-to-stream  leakage  was  small  enough  to  have  only 
minimal  effects  on  the  performance . 

Future  testing  of  the  refrigeration  syttem  by  General  Electric  will  hopefully  reveal 
the  effectiveness  which  the  heat  exchanger  Is  capable  of  attaining . Much  knowledge 
has  been  gained  In  the  design  and  construction  of  compact,  high  effectiveness, 
cryogenic  heat  exchangers  through  this  program.  It  Is  believed  that  the  state-of-the- 
art  has  been  advanced  by  this  heat  exchanger. 
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Appendix  VI 

HEAT  EXCHANGER  ANALYSIS 


SAgg  MSm-ra  TO  PCCION  CONDITIONS 

To  simplify  testing,  the  data  presented  In  this  report  were  taken  at  tem- 
peratures slightly  lower  than  the  design  condition  temperatures.  The  data 
were  taken  at  Reynolds  numbers  above  and  below  the  design  condition 
Reynolds  numbers. 

HEAT  TRANSFER  DATA 

The  flow  in  the  heat  exchanger  is  in  the  laminar  regime,  but  because 
each  layer  of  screen  must  form  a new  boundary  layer,  the  heat  exchanger  has 
developing  laminar  flow.  The  following  correlation  approximates  the  curves 
for  stacked  screens  at  low  Reynolds  numbers  (Ref.  7,  pp.  128-130): 


St  * Pr"0***  Re"0*49  - NTU  As/Af 


where: 

St  ■ h/Qc 
Pr  ■ uc/K 
Re  • GD/K 

K » Thermal  conductivity 
u - Viscosity  ■ 5.  023  x 10"*  x T°‘847  g/cm/sec 
c * Specific  heat 

h = Convective  heat  transfer  coefficient 
G ■ Mass  flux 

As  ■ Heat  transfer  surface  area 
Af  a Flow  cross  section 
D » Hydraulic  diameter 
NTU  « Number  of  Transfer  Units 


The  Prandtl  number  is  a weak  f'mction  of  the  absolute  temperature,  so  \ 

the  temperature  dependence  of  the  conveotive  heat  transfer  coefficient  is  i 

determined  primarily  by  the  viscosity.  The  following  proportionality  can  j 

then  be  used  to  scale  heat  transfer  data  taken  at  conditions  other  than  the  j 

design  conditions: 


NTU  a ^•■••/G0*46 


Preceding  page  blenk 
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PRESSURE  DROP  DATA 


Because  the  flow  is  laminar,  the  friction  factor  is  proportional  to  the  in* 
verse  of  the  Reynolds  number : 

f o 1/Re 
AF  a Gu/  p 
AP  o QT 


where; 

Re  ■ GD/u 

f « AP/4(L/D)  <Ga/2p  Afa) 

AP  ■ Pressure  drop 

L ■ Length 

p ■ Density 

The  pressure  drop  is  therefore  generated  at  the  warm  end  of  the  heat 
exchanger.  The  pressure  drop  can  be  scaled  to  design  conditions  by  the 
ratio  of  the  warm  end  temperatures  raised  to  the  1. 647th  power. 


The  thermocouple  measurements  in  millivolts,  the  pressure  drop  across 
the  nozzle  flowmeter,  the  pressure  at  the  entrance  of  the  nozzle,  and  the 
barometric  pressure  are  inputs  to  a computer  program  that  calculates  the 
mass  flow,  temperatures,  effectiveness,  and  NTU  for  each  data  point.  The 
following  paragraphs  list  the  program  and  explain  the  variables.  A sample 
run  is  also  presented,  which  represents  the  initial  data  point  in  Table  8, 

The  program  was  originally  designed  to  include  the  thermocouple  meas- 
urements ATI  and  AT2  in  Figure  35.  Because  of  the  shorting  of  these 
thermocouples,  the  program  was  altered  to  ignore  these  readings.  In  the 
sample  run,  these  thermocouples  read  zero. 


Following  is  the  nomenclature  for  Program  HEDRI; 


Symbol  and  Explanation 

TEST  ■ test  number;  MO,  DAY,  YR  ■ month,  day,  and  year  of 
of  the  tost. 

MV1  ....  MV6  » thermocouple  millivolt  readings  (numbers  1,  2, 

3,  and  4 correspond  to  the  thermocouples  in  Figure  36.  Number 
5 is  the  difference  couple  labeled  ATI;  number  6 is  the  difference 
couple  labeled  AT2. 


f 
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mmmm 


(NIML0  IIICTKIC 


lbol  end  Explanation 


BAROM  ■ barometric  preeeure  in  mm  of  mercury;  PI  IN  ■ pressure 
upstream  of  flow  nozzle  (psigh  DPIN  ■ Pressure  drop  across  flow 
nozzle  (In,  water), 

MVNOZ  ■ thermocouple  millivolt  reading  at  the  flow  nozzle. 

D1  ■ diameter  of  pipe  upstream  of  flow  nozzle  (cm); 

D2  » diameter  of  flow  nozzle  throat  (cm). 

M ° molecular  weight  of  gas  (g/mole). 

CP  ■ specific  heat  of  gas  (J/g'K). 

MU  ■ gas  viscosity  (poise), 

TTAB  e number  of  entries  in  temperature -millivolt  table. 

DTTAB  ■ number  of  entries  in  temperature  difference -difference- 
couple  millivolt  table. 

DTLAV  ■ lengthwise  average  temperature  difference  between  heat 
exchanger.  (This  average  is  based  upon  four  differences;  the 
differences  between  absolute  thermocouple  readings  at  the  two  ends, 
and  the  difference  couple  readings  at  the  two  ends). 

PI  * absolute  pressure  upstream  of  flow  nozzle  (bar). 

DP  • flow  nozzle  pressure  drop  (dynes/cm8). 

RHO  ■ gas  density  upstream  flow  nozzle  (g/cm*). 

ARSQ  > area  ratio  squared, 

A 2 ■ area  of  flow  nozzle  throat. 

MDOT  * mass  flow  rate  through  nozzle,  assuming  nozzle  coefficient 

» 1.0 

i NHE  ■ Reynolds  number,  based  on  the  mass  flow  rate. 

i C'V  3 nozzle  coefficient,  based  upon  curve  fit  of  American  Society 
of  Mechanical  Engineers  data. 

i ML)OT  « new  mass  flow  rate,  based  upon  nozzle  coefficient, 
i EKK  * thermal  effectiveness, 

i NTUA  ■ apparent  NTU, 

i HT  ■ heat  transferred  from  stream  to  stream. 

Figure  82  la  a sample  data  run,  which  represents  the  initial  data  point. 
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IOOC HEAT  EXCH  DA  V A RKDUC1 I ON 

101 

1 IOC NOZZLE  FLOW  METER 

I 1 1 

1200  REF. JUNCTIONS  144  AT  273.15  K AMD  243  AT  77.35  K 

130  INTEGER  TES1 #M0# DAV#YR# 1 # TTAB# DfTAB 

133  REAL  MV  1 #MV2#  MV3#  MV4* MV 5* MV6#  MVNOZ#  PI  1N»MU#NRE#MD0T#NTUA»MVA 
140  DIMENSION  MVA<20)  # TA(  20)  # DTAU  0)  #DMVAU  0) 

ISO  DATA  <MVA< 1 ) » I ■ 1,1 8 ) / .0# .0429 * .2 19 , . 408* . 6 1 0# . 01 5* I . 032, I . 89 * 
1514  1 .341  # I .804. 2. 365. 2. 9 73. 3. 62 1. 4. 3 10. 3. 04. 5.8 I » 6. 62 1 .7.470/ 

154  DATA  (TA( I ) * I ■ 1 . 18 > / 77 . 3 5*80 . * 90. * 100. * 1 1 0. # 1 20. • 1 30. # I 40. » 
15S»  I 50. « I AO. #180. #200. #820. #240. #240. #280. #300. #320./ 

1 57  DATA  < DTAU ) # 1 ■ 1 #8 ) U7  • # 100*. I 40.  # 180.#  220 . # 260 . » 300. # 340. / 

158  DATA  <DMVAU>#I«1.8>/60. .51. 5*40. 5#34. *29. 8*26.7*24. 1*22.1/ 

1 54 

1 60C  -----INPUTS 

170  READ#  1 EST # M0  # DAY# YR 

180  READ#  MV1 #MVR#MV3#MV4,MV5#MVA 

140  READ#  BAR0M.PI1N#DPIN 

145  MVUMVI*5. 34631  MV4«MV4+5.5463 

196  PI  1NMIIN42.306 

197  MVN0Z«MV4 

200  DlaA.351  D2-2.0282 
210  M-4 
220  CP*3.B 
830  MU«200R-6 
240  TTAAalS 

2 50  DTTAM»« 

251 

1 -00 PRINT  INPUTS 

320  PRI NT#"TKS1  N0."#TIST 

330  PRlNT#"DATKl  "»M0#"/"#DAY#"/"#  YR 

340  PHINT#"MILL1 V0LT  READ  I HGSl  1 #2# 3# ## 5# 6" 

350  PRINT. MV1 #MV2#MV3#MV4#MV5#MV6 

360  PRI  NTV'NOZZLE  TEMP  <MV)*"»M VN0Z 

370  PRI NT#"A*R0M  PRESS  <MMMG)«",RAR0M 

380  PRINT#"PkKSS  UPSTREAM  NOZZLE  UN  H0)»"#PUN 

390  PRINT#"NOZZLE  DELTA  P UN.  H«0)»"#DPIN 

400  PRINT. "NOZZLE  OIA  <CM)t  U)«"*DI#"  <2)«".D2 

410  PRI NT»"M0L  WT  <O/M0LC)*M»M 

420  PH  I NT#"SPEC  HT  «J/0  K)»"#CP 

430  PRINT. "VISC  < POI SE) ■ "#MU 

431 

450C TEMPERATURES 

460  CALL  I NTEHPt  MVN0Z#  TN0Z«MVA. TA# 1 t AR) 

470  CALL  1N1ERP<MV1#T1.MWA#TA, TTAB) 

480  CALL  I Nl CKP<  MV2#  T2#MVA. T A. T TAP  > 

490  CALL  1NTERP<MV3.T3»MVA»1A»1TAR) 

500  CALL  I Nl ERP< MV4. T4»MVA#  TA#  TTAP) 

310  CALL  IN1ERPI . 5*<  T2U3)  # DTDM#  D1A.  DMVA#  DUAR) 


1’igure  82.  Sample  Data  Run  (Sheet  1 of  3) 
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PEDH  I 


OH/ 1 H/ 75 


5B0 
5. in 
540 
510 

510 

511 
5HOO 
590 
500 
AID 
5P  0 
5 10 
5 50 
5 50 
5 60 
570 
57! 
5900 
700 
7 10 
7P0 
7P1 

7 400 
7 50 
7 50 
7 70 
7*0 
790 
POO 
H 10 
5P0 

* 30 

H 40 

5 50 
R50 

* 70 

5*0 
9 70 
9.75 
9 35 
9 400 
9 SO 

950 
970 
9 P 0 
9 90 
I OOO 
I OIO 
10PO 
I 030 


P15«D'1UV*MV5 

CALL  I MIEKP<  .b*<Tl9i4>«|iTI)M»mA#OMVA»I)UAR> 

1)1  5»l)  I in-  * mvS 

D1LAV»< i I -IS+14-I3>*.7 

D1EAV«<  I I •T4*'|B-n>*,5 

n/H'  KATE 

PI  KHM  M*  P 5. 4*  A Ah  9M)  / 750. 

hP«DPT  M*'»49n 

AHA  ah  I *1*/  f *7 . 1 4*1  > 

AHSO*  f l'P»  /» | > | > »4 
AP«  .7*34*0,4*  OP 

MpAT»Af>*<  P,  * WHO* HP/  ( | . - AH  S'  J>  > t . 5 
/(  . 7H<\4*nP  + PIJ) 

CV» .71  lb*  Vh*  ».0PP09 
wr"vi«r  v*vin'i 


- - - - - 1 H w ■>  V- At,  PEkE7kMAN'"Iv' 
EEE«D1  L5 l /(I'll .AV*f>lEAV» 
nwaii*  h‘i>  /<  i .«Frr> 

HI  ■(IP**!'  < I * 1 1 1 1.  AV 


PH  I NT 
PH  I 9') 
PHI  MV 
pul  M'l 
PHI  Ml 
PH  I N I 
PHI  MV 
PH  I Ml 
Pm  l Ml 
P'-  T M 
Pill  Ml 
Pm  I M 
PKl  NT 
PHI  Ml 
'jlOP 
EMI.) 


t mi  imp'll 

*“  < 1 1 pi ii" 

» " i i *" , ii,"  err  >■ " 

* " i ’ r"  , i 
»"  I »*".  I 7 

, " I I /i 

#"1em^kha riKt  oirri  ■;pm',es'* 
,'T  t r P O'VIH.t  5*",  I l 5," 
,"p|Pk*  I'TJPLE  5s" , i u," 


1P-13»",  |P-'I3 

1 I -T  As",  11-14 


,"A|i  AH,  M 1 1 i"  » Ml 1 1 " 
i"\n' » " , Mh  K 

#"m:;//LE  ociee»"*i' v » " 9M  rMH  pr'Mn«\ii*K<5f,npt'" 
»"*'VV,  EL 9 W Cr/SEH>  «,,.M"0'!T 
, "M A 1 luANS  < V. A t T > " , m i 


• - - ■ - I M l K H P < 3 A 1 1 0 M !j 1 IP  »■•»**«  • 

SUPlOUIJ  M'.\  I \ IEKPtAW'1.,  7 V AL  , * A,  T A , N I AP ) 

D1  WINS  I i)  M 5A<30)*YAC30> 

IFtXVAl.-HAC  I > >94,90.90 

90  !»« 

91  I E<  VAL-X  A(  i >)  9,7,  9 1, 9,’ 

9P  I ■ I ♦ I I I E<  | - Ml  A«  >9  I »r»l  ,9.' 

9 1 Y VAL  ■ Y A < I • I ) * ( 5 vAL-K  A<  I • ) V > * ( Y A ( I 1 • 7 A < | • J 1 ) /(/',<  I >-/,,<  ! «l>  1 
HU*  I HP  'i 

94  PHI  NT  , "'.PH  i>  1 |)E  rtANfF  91  i ‘lEH* -JO  1 IPI  E i AM.  P" 

KlKurr  82.  Samplr  Data  Hun  (Short  2 of  3) 
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HEDK1  OB/IS/75 


1040  3T0P 
1080  END 


HEDR I 15116  08/ lfl/75 


7 I » 7, 2P, 75 

?1 , 1858, 0.7567# 0.2438*0.61 73,0.0*0.0 
7750.07, I .5,9.7 


i 


i 

! 

! 


I ESI  NO.  I 

OATEi  7/  22/  75 

MILLIVOLT  HEADI NGSi  1,2,3,  4,5,6 

6.731 5000E+00  7 . 5670000E-0 1 2 . 4380000E- 0 1 6 . 1 636000E+00 

0 . 0 . 

NOZZLE  TEMP  (MV)a  6. I 636000E*00 
° AR0M  PRESS  < MMHG) ■ 7 . 3007000E*02 

PRESS  UPSTREAM  NOZZLE  (IN  HG>«  3 . 4590000E+00 
NOZZLE  DELTA  P (IN.  H80>a  9 . 7000000E+00 

NOZZLE  DIA  ( CM) t ( 1 ) > 6 .3SOOOOOEOO  (2)»  2 .02B2000E*00 

M0L  VII  ( O/M0LE)  ■ 4 

SPEC  HT  (J/G  K)  ■ 5 .2000000E+00 

VISC  (POISE)*  2 .OOOOOOOE-04 

OUTPUT 

Tla  3.0239 695E+08  DEO  K 
T2a  t .1  71561 0E«-02 

T 3*  9 ■ 1 3 12  I 69E+0I 

T 4a  2.88  720 1 0E+02 

TEMPIRA1URE  differences 

PIFF  COUPLE  5a  0.  TP«T3a  P . 584392BE+0 I 

DIFF  COUPLE  6a  0.  T1-T4a  I . 38 768 S0E*0 1 

EFFa  9.0600I80E-01 

APKAK . NTUa  9 . 63850 I2E+00 

NHEa  3.037  I199F.  + 04 

NOZZLE  COEFa  9 . A0P4347E-0 1 08  FOR  2000«NRE«60000 

MASS  FLOW  (G/SEC)a  9 . 35B2964E+00 
HEAT  TH  NS  (WATT)  9 . 3 1 S3 1 20E+03 

PK0ORAM  STOP  AT  930 

Figure  82.  Sample  Data  Run  (Sheet  3 of  3) 
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EFFECT  OF  HEUUM  LEAKAGE,  THERMAL  RADIATION,  AND  AXIAL  CONDUCTION 

KSSSS 


STREAM -TO-STREAM  LEAKAGE 

If  radiation  and  conduction  are  ignored  and  if  there  la  no  leakage  to  the 
caaing,  the  control  system  shown  in  Figure  83  can  represent  heat  exchanger7. 
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T« 


I „ 

X 


r. 
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j m-ml 
. T» 
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Figure  83.  Stream -to-Stream  Leakage 


In  Figure  83: 


■ Stream -to -at ream  leakage 

M ■ Heat  exchanger  mass  flow 

Ti  ■ Temperature  of  the  gne  from  the  compressor 

Ts  • Temperature  or  the  high  pressure  gas  leaving  the  heat 
exchanger 

Ta  ■ Temperature  of  the  gae  returning  From  the  nitrogen  dewar 

T4  « Temperature  of  the  low  pressure  gas  leaving  the  heat 
exchanger 

C * Specific  heat  of  the  gas 


<M-ML)C(T,-Tr)  + MC’fTi-Ta)  ■ 0 
M.  Tj  - T t 

— L - ] . ■_ 

M T B - 


LEAKAGE  TO  CASING 


The  casing  of  the  heat  exchanger  is  connected  to  the  warm  end  of  the 
low  pressure  stream,  A leak  to  the  casing  therefore  bypaeseB  the  low  pres 
sure  stream.  Assuming  the  radiation  and  conduction  are  negligible  and 
assuming  there  is  no  stream-to-streum  leakage,  the  control  system  shown 
in  Figure  84  represents  the  heat  exchanger. 
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Figure  84.  Leakage  to  Casing 


In  Figure  84; 

T*'  ■ Low  preseure  it  ream  temperature  before  mixing 
Ml  a Leakage  to  the  cailng 

Ti,  T*,  Ta,  T4  ■ Temperatures  as  defined  in  Figure  83 

An  energy  balance  for  the  above  control  system  yields  the  following 
relationship  between  the  mass  flows  and  temperatures: 

mlct,  + <M-Ml)CT4'  • MCT4 
ml/m  - OV  - T4)/(T4»  -T.) 

The  following  approximation  can  be  made  to  simplify  the  above  equation. 

T4'  < Tx 

This  approximation  approaches  an  equality  as  the  effectiveness  of  the 
heat  exchanger  (without  a leak)  increases  and  as  the  size  of  the  leak  increases. 
This  equation  essentially  notes  the  fact  that  a heat  exchanger  with  unbalanced 
flow  will  have  a pinch  at  one  end,  This  approximation  can  be  combined  with 
the  previous  equation  to  yield  Lh*  following  equation  for  calculation  of  the 
leakage  to  the  casing  of  the  heat  exchanger: 

M. 

■jf  <<T,-T4>/<T|-Tt> 

THERMAL  RADIATION  AND  AXIAL  CONDUCTION 

The  control  system  in  Figure  85  shows  the  effect  of  thermal  radiation 
and  axial  conduction  on  the  performance  of  the  heat  exohanger.  It  is  assumed 
that  the  leakage  in  the  heat  exchanger  can  be  neglected. 
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Figure  85.  Radiation  and  Conduction 


where: 

Qr  ■ Radiation  to  the  heat  exchanger 

Qc  ■ Conduction  down  the  heat  exchanger 

Tii  Tj,  la,  T*  ■ Temperatures  as  defined  in  Figure  83 


The  following  energy  balance  can  then  be  written  to  show  the  effect  of 
thermal  radiation  and  axial  conduction  on  the  temperatures  in  the  heat 
exchange.*: 


MC(TrT4)  + McnVTa)  + QH  + Q0  - 0 

Qr  ► Q . 

-H_V  , (Tc  -Ta)  - (Tj«T4) 

Thermal  radiation  and  axial  conduction  appear  an  a difference  in  the  tem- 
perature dilTe  once  a at  the  warm  and  cold  ends  of  the  heat  exchanger.  If  it 
were  not  for  the  leakage  in  the  heat  exchanger,  this  would  provide  a method 
for  exact  calculation  of  the  thermal  radiation  and  axial  conduction.  The  last 
data  point  in  Table  8 has  the  least  amount  of  leakage  because  the  axial  com- 
pression of  the  heat  exchanger  had  been  increased  and  the  pressure  difference 
between  streams  is  small.  The  difference  in  the  stream -to -stream  temper 
atures  at  either  end  of  the  heat  exchanger  for  this  v ase  is  1,4‘K.  This  is 
in  part  caused  by  leakage,  but  It  does  provide  an  upper  bound  on  the  effect  of 
radiation  and  conduction,  This  would  decrease  the  effectiveness  of  the  heat 
exchanger  by  0.  35  percent. 
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